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CURRENT DEVELOPMENTS IN
OIL AND GAS
DEVELOPMENTS IN ILLINOIS SINCE
JANUARY 1, 1937*
By
Alfked H. Bell
Geologist and Head of the Oil and Gas Division,
Illinois State Geological Survey
In the past one article in the course of a year on oil and gas developments
in Illinois has usually been sufficient. This year, however, developments
during the first nine months are without parallel in importance to the State,
since the discovery of the Southeastern Illinois field in 1904. Therefore,
a review of developments seems fitting at this time. Certainly five and pos-
sibly seven or eight new oil fields have been discovered this year. The doubt
concerning the number arises from the fact that certain wells which found
oil in commercial quantity may represent either separate productive areas
or extensions of known fields. The number of fields, however, is less signifi-
cant than is their location far from previous fields and the consequent large
territory which is outlined for early testing.
Events leading up to this year's discoveries began several years ago. Most
important, perhaps, was the discovery in 1928 of the Mt. Pleasant field in
the central part of the Michigan basin, a large geosyncline similar in many
respects to the Illinois basin. Previously, such basins had been considered
unfavorable to the occurrence of oil because it was thought that any oil formerly
present had migrated to the margins. The presence of structural irregulari-
ties in the central part of the Michigan basin was demonstrated prior to
the discovery of oil by subsurface data obtained from brine wells. At that
time subsurface data in the Illinois basin was insufficient to reveal the details
of the subsurface structure. The probability that unknown local structures,
some of them favorable to the occurrence of oil and gas, were present in the
Illinois basin was recognized by the Illinois State Geological Survey and
an article was prepared and presented before the annual meeting of the
Illinois Academy of Science, May, 1930. x This report recommended that
the central basin area be explored for oil.
* This paper has been published since the Conference in The Oil and Gas Journal,
vol. 36, no. 23, pp. 28-29, 1937, from which the illustrations are used.
1 Bell, A. H., The relation of geology to the development of the petroleum industry
in Illinois: Trans. 111. Acad. Sci., Vol. 23, No. 3, March, 1931, pp. 367-370.
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A map, based on geologic data accumulated by the State Geological Sur-
vey for many years was prepared by the writer in 1930, divided the State
into areas according to relative probability of finding new oil fields. Although
this map was not printed at the time, it was exhibited in Chicago by the
Western Society of Engineers in September, 1930, along with other material
illustrating the work of the State Geological Survey. It will be noted that
all recent discoveries have been within area number 1 of this map, which is
designated as having "best possibilities," in the earlier edition.
Actual demonstration of the presence of structural irregularities in the
Illinois basin has been made by both geological and geophysical methods.
Studies of Pennsylvanian stratigraphy initiated in 1927 under the supervi-
sion of Dr. J. M. Weller of the Survey staff made possible correlations over
wide areas of the State with a precision hitherto believed impossible. These
studies were carried into the basin area and demonstrated the presence of
structures favorable to the occurrence of oil. The results of these studies
in one area were published March 1, 1936. 2 The reflection seismograph
method of exploration was started in Illinois by the Pure Oil Company in
the fall of 1935. Geophysical investigations by this company resulted in
the discovery of an important structure in the central part of the basin.
The seismograph method has since been adopted on a large scale by oil
companies in the area and at present about 16 parties are operating. It is
noteworthy that the first three wells located by the seismograph in Illinois
all discovered oil.
The discovery wells of the first three fields of 1937 were already being
drilled in late 1936. Two of these were drilled by cable tools and one by
rotary. This was the first rotary test for oil to be drilled in Illinois. The
following table shows the discovery wells of new fields in chronological order.
GEOLOGICAL CONDITIONS IN THE NEW BASIN FIELDS
Well data from the basin area are beginning to reveal something of the
subsurface geological conditions governing accumulation of the oil. It is
already evident that anticlinal structure is not the only factor of importance
and in some cases it may not even be essential. The principal producing
horizon in these fields is the McClosky "sand," defined as any oolitic beds
occurring in the Fredonia limestone member of the Ste. Genevieve forma-
tion. The typical McClosky in all of the best producing wells so far obtained
is a light gray pure limestone made up of exceedingly well sorted oolites.
There has been very little deposition of interstitial material, so that porosity
may, in some cases, approach the theoretical maximum for closely packed
uniform spheres. The thickness of the pay is variable within short distrances,
2 Weller, J. Marvin, and Bell, A. H. ( Geology and oil and gas. possibilities of parts
oi Marion and Clay counties, with discussion of the central portion of the Illinois
basin: i lis State Geological Survey Report of Investigations No. 40, 1936.
DEVELOPMENTS SINCE JANUARY 1937
Figure 1.—Map of Illinois showing areas classified according to
the probability of finding oil.
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as well as its position in the stratigraphic section. Because of the lenticular
character of the reservoirs, production may be looked for well down on the
flanks of structures, as well as dry holes on the high parts, in some cases
offsetting good producers. It is planned that further discussion of these
conditions with cross-sections showing specific locations, will be included in
an early publication of the Survey.
STRUCTURE OF THE BASIN
A sufficient number of datum points on the contact between the overlying
Chester series and the top of the Lower Mississippian series are now available
to permit making a generalized regional contour map of the basin on this
horizon. Maps of the basin contoured on the base of the Pennsylvanian have
been published previously. The last one of these maps published on a contour
interval used is 100 feet, is dated May, 1937. It is subject to revision in
accordance with new well data received since that time. It may be noted
in general that the Chester series thickens southward across the basin, when
this map is compared with one contoured on the top of the Lower Mississip-
pian series, using a contour interval of 200 feet. The difference between the
elevations shown on these two maps for any given point is the thickness of
the Chester series at that point.
The La Salle anticline upon which the Southeastern Illinois field is
located in Clark, Cumberland, Crawford and Lawrence counties is seen to
be a discontinuous feature and is much broken up with saddles, flats, and
cross-folds. These cross-folds were emphasized by Mylius in Bulletin 54 of
the Survey. One of these cross-folds runs NNE-SW through the Westfield
and Siggins pools. The map on the top of the Lower Mississippian shows
this fold to continue southward across Jasper County into Eichland, Clay
and Wayne counties. It appears to be a structure of comparable importance
in the accumulation of oil with the La Salle anticline itself.
PROBABLE RECOVERY IN THE NEW FIELDS
Data are as yet insufficient to make a reliable estimate of ultimate per
acre yield in the new fields. The best indication now available is a comparison
of the thickness and character of the reservoir rock with that of the same
strata in the old producing field. Thus, the McClosky oolites in the new basin
fields are more uniform, and well sorted, than are those in the Lawrence
County field, judging from the few samples available from the old field. The
average thickness of "pay" is probably greater in the new fields. Therefore,
an ultimate yield per acre at least is as great as in the old field may be
expected.
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10 DEVELOPMENTS IN OIL AND GAS
In the largest area of continuous McClosky production, in Dennison town-
ship, Lawrence County, 23,270,168 barrels of oil were produced in 23 years
(1908-1931) from an area of 1,455 acres, or a yield of 16,000 barrels per
acre. The wells were open in the Kirkwood and Tracey sands as well as the
McClosky and separate figures on the recovery from each sand are not avail-
able. In this area, however, it is known that the McClosky was by far the
/CONTOUR ON BASE
' OF PENNSVL^ANIAN ,
CONTOUR IjfrtRVAt.
IOO FEET;
OATUM SEA
LEVEL
SURFACE STRUCTURi
INDICA1E0
FlGUBE 2.—Subsurface countour map of the Illinois basin on the base of the
Pennsylvanian.
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most productive horizon, and probably has yielded an average of 12,000
barrels per acre out of the 16,000 barrels per acre total. Some individual
leases in the old fields yield as much as 25,000 barrels per acre mostly from
the McClosky. In view of this record ultimate yields of 8,000 to 10,000
barrels per acre from the new basin fields from the McClosky are not im-
probable.
I ! S A L i N F
• WILLIAMSON
BASIN
O IMPORTANT WEI L DATUM POlMT
A.BLC
CONTOUR ON TOP OF LOWE*
MISSliSlPPlAN
-^-2500 fQO T CONTOUR,
clay cnr FIELD
...+300 FOOT CONTOUR,
OAKLANO DOME
SCALE
ILLINOIS STATE GEOLOGICAL SURVEr
Figure 3.—Subsurface countour map of the Illinois basin on top of the
Lower Mississippian.
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DRILLING ACTIVITY AND NEW PRODUCTION
At the end of September, 1937, there were approximately 111 oil and
gas drilling operations in Illinois, almost a threefold increase since the
beginning of the year. From January to September 30, approximately 215
wells were completed in the State, of which 169 were oil producers.
The number of wells in the new fields are shown in the following table
:
Table 2
—
Wells in the New Fields, September 28, 1937
Field Producers Dry holes Drilling 1 Rig
Noble field 7
35
3
2
3
1
8
11
1
Clav City. . . 4
Total central basin fields
Patoka
45
56
16
6
13
3
19
5
1
5
20
Bartelso 1
Total 117 22 25 26
1 Within i mile of production.
Production in the new fields alone is considerably greater than the
previous total production of the State. This is illustrated in the following
table of production by months
:
Table 3 Production of Crude Oil in Illinois for 1937a
(Barrels)
Month Production Month Production
January 368,000
343,000
410,000
386,000
416,000
June 463,000
February July 530,000
March August
September
Total
674,000
April 849,000
4,484,000
a Figures obtained from U. S. Bureau of Mines.
It will be noted that the production for September is estimated to be well
over twice that for January. Further increases in production in the known
fields are to be expected during the remainder of the year, and it seems
probable that additional fields will be discovered.
The Survey does not as yet have anything like complete data on the
wells so far drilled. Because of the importance to the industry of assembling,
correlating, and thoroughly studying these data, so that conclusions of both
Ltific and practical value may be reached, the cooperation of all is earnestly
requested in filing the drillers' logs, and in making available the well cuttings
and cores to the Survey for study and preservation.
OIL EXPLORATION IN THE EASTERN PORTION OF
THE ILLINOIS BASIN*
By
Thekon Wasson
Chief Geologist, Pure Oil Company, Chicago
INTRODUCTION
Appearing before the State Geological Survey and the University of
Illinois to discuss the southeastern portion of their State seems like carrying
oil to Tulsa, or coals to Newcastle. We are indebted to the State Geological
Survey for its work in publishing the results of drilling in the old area and
forecasting prospective territory in advance of the drill All operators in
the southeastern fields know the work of Blatchley, published in Bulletin
22, 1913; and Mylius, Bulletin 54, published in 1927. We also know that
since the first development in this old area over four hundred million barrels of
oil have been produced. The eastern portion of the Illinois basin has had
oil fields and continuous oil development for thirty years. The general
;
geological conditions affecting this area have been known for over 100 years
I In 1930, the State Geological Survey exhibited maps and cross-sections at the
:
meeting of the Western Society of Engineers in Chicago (fig. 4). Members
;
of the State Survey staff at that time called attention to the large unexplored
basin area of southern Illinois.
Near the old fields in the eastern part of the basin, a new area is under
|
development. At this time, 50 wells are producing in a belt over 20 miles
long, many wells are drilling, and a pipe line is under construction. While
the new area appears large and boom conditions now prevail, we should not
|:
lose sight of the fact that this is another Illinois field. It should not be
measured by mid-Continent standards. The old fields of Illinois have made
their production from small, long lived, pumping wells. The same will be
true m the new fields, thirty miles away.
Production is coming from the McClosky, an oolitic limestone member
of the Ste. Genevieve formation which is well known in the fields of Lawrence
bounty. The new development has gone far enough to demonstrate that
while some flashy initial production may be expected, dry holes will be found
;
offsetting big wells. From experience in the old fields we know the flowing
life will be short. Decline will be rapid in the first months of production
and the area as a whole will make its oil from wells that are on the beam,
|
or pumping from a central power.
vol. 36
Th
n
S
o ^TWh%%-b2Tni93U7blifS^ Sww>? Conference * The Oil and Gas Journal,
Assoc. 'Pet Geol
PP
vol 22,' pp.71-78™193s!
lustrations are used; and the Bull. Am.
[13]
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While there have been great improvements in drilling and production
technique since the old fields were discovered, we can not escape the fact
that we are dealing with limestone production from thin pay zones of vary-
ing porosity. A great many wells will have to be drilled in order to maintain
a reasonable settled production over a period of years.
AREA OF NEW PRODUCTION
The area under discussion, which includes Wayne, Clay, Eichland, Jasper
and adjacent counties, is 60 miles long and 30 miles wide. It is a flat farm-
ing region, rather thickly settled by people whose pioneer ancestors came
into the region from Kentucky and Virginia. These hard working, friendly
people live on 40 and 80 acre farms which are outside the rich corn belt
of Illinois. Power machines such as tractors and combines are not common.
This territory has an elevation of about 500 feet above the sea. Drainage
is into the Wabash Valley by streams flowing southeastward. From south
to north across the area, the Little Wabash and the Embarrass are the
principal streams. The B. & O. Eailroad runs east and west, and the Illinois
Central north and south through the area under discussion. The main
towns from south to north are Fairfield, Olney and Newton.
GENERAL GEOLOGY
Geologists familiar with this territory know that the relatively flat plain
has a surface cover of glacial drift and till about 50 feet thick, consisting of
unconsolidated sands and clays left upon the retreat of the ice sheets which
once covered the greater part of Illinois. This mantle of glacial material has
covered the bed rock to such an extent that it is impossible to do any detailed
surface mapping. The old Southeastern Illinois fields are on the LaSalle anti-
cline, which has been outlined by drilling and by studies of rocks exposed on
the surface near LaSalle. Early oil explorers venturing west from the fields
of Crawford and Lawrence counties soon lost interest after drilling into salt
water at depths comparable to those at which they found oil in the old fields.
Very few tests went deeper than 2,000 feet. In mapping the subsurface con-
ditions in the old fields both Blatchley and Mylius showed a rapid dip to
the west. Other publications of the State Geological Survey have outlined the
LaSalle anticline in considerable detail, calling attention to the steep dip
on the west side and the rather flat east side.
GEOLOGICAL EXPLORATION
Following the discovery of oil in Michigan in 1927, the Geological Depart-
ment of The Pure Oil Company became interested in the Illinois basin and for
Hie first time became acquainted with the staff of the Illinois Geological
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Survey. As a preliminary study, a cross-section was prepared from Law-
renceville to St. Louis (fig. 4). The published logs of old wells were used
for this section. It showed a disturbance in the area between Flora and
Olney. This suggested structural feature was not given great weight be-
cause there was a chance of error in the logs. It, however, was a clue which
led to the reconnaissance torsion balance survey made in 1930. This work,
which started at the Indiana line and crossed a portion of the old fields,
indicated a gravitational disturbance similar to that found on the south end
of the LaSalle anticline. The work was discontinued before the north end
was completed. The success of the reflection seismograph in Oklahoma and
Texas led to a survey by that method in Illinois during 1935 and 1936. The
seismograph work checked the existence of a structural disturbance running
across Wayne, Eichland and Jasper counties. Drilling has so far confirmed
the geophysical work. The structural feature along which the new pools
are located appears to be an extension southwestward from the Oakland anti-
cline. It has an axial trend parallel to the cross folds outlined by Mylius in
Bulletin 54.
The Duquoin anticline and some other structures of southern Illinois
have similar northeast-southwest trends.
DEVELOPMENT
A block of 250,000 acres, taken during the month of April 1936, led
to the drilling of a first test near Cisne, Wayne County, and the second test
near Clay City, Clay County, twelve miles north. These tests discovered oil
in sands of the lower Chester group. Deeper drilling at Clay City on the
Bunyan Travis farm discovered the first production in the McClosky "sand"
a member of the Ste. Genevieve. This well's initial production was 2,640
barrels per day from a depth of 2,964 feet. More recently, drilling has been
extended northeastward 6 to 8 miles to the Noble area, Eichland County.
The principal production so far has been from the McClosky pay horizon
found in the top of the Ste. Genevieve of Mississippian age. It is one of the
pay horizons in the south end of the old fields of Lawrence County where
it was first discovered on the McClosky farm in section 25, Dennison Town-
ship. The McClosky is an oolitic limestone of varying porosity depending
on the condition of the oolites. Wells which make big initial production are
from oolitic layers which are soft and porous. These porous spots change;
quickly into areas of dense, tightly cemented oolites. The thickness of the
oil saturated section varies from a few feet to 10 or 15 feet in the best wells, j
In the Clay City and Noble areas the McClosky is found at a depth of 2,950
;|
at Cisne it is at 3,070. The greatest development to date has been in the
Clay City area of Clay County where over 50 wells have been drilled to the;
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McClosky or are now close to it. The field at Noble including the north-
east extension has 15 or 20 wells in or close to the McClosky. The Bradley
area near Cisne, where so far the McClosky has shown little porosity, has 3
wells. These are producing from the Bradley sand and the McClosky. So
far, the objective of all wells since the discovery of oil in the Bunyan Travis
No. 1 has been the McClosky. Many wells in the Clay City area have been
drilled through the McClosky pay without finding water. Some tests on the
west flank have reported salt water, but little information has been developed
in regard to possible water levels. Due to the lensing character of the
porous streaks, water levels will probably be poorly defined.
Acid treatment is common practice and results in general are favorable,
as the oolitic McClosky is easily dissolved by acid. Acid, however, can not
make a producer out of a dry hole.
The first wells in the Cisne and Clay City areas were drilled with stand-
ard tools. The Bradley test at Cisne was spudded November 3, 1936 and
it was completed in the Bradley sand of the lower Chester on April 3, 1937.
Information obtained by the first test wells drilled with cable tools made
it possible to use mid-Continent rotary equipment with resultant increased
speed and a great reduction in drilling cost. Wells are now drilled into the
McClosky in less than three weeks. Good cores are obtained of the pay
horizons.
Schlumberger electrical logs have been run in a number of key wells
throughout the area and this method of logging will probably be of assistance
in correlating beds drilled by the rotary but not cored.
COMPARISON WITH OLD FIELDS
Except for greater depth and increased thickness, the section drilled in
the new area is similar to that in the south end of the old field.
The McClosky "sand" of the St. Genevieve formation is found at a
depth of 1,600 to 1,800 feet in Lawrence County. Published records show
that the thickness of pay and type of porosity varied from one well to an-
other. These wells had high initial productions in some cases, but they
declined rapidly. Their production has been made from a great many
pumping wells. The McClosky in the Clay City and Noble areas is found
at a depth of 2,950 feet, which is approximately 50 feet below the top of
the Ste. Genevieve limestone. The pay ranges up to 15 feet in thickness. One
well in the Clay City area has drilled through the Ste. Genevieve, showing
it has a thickness of 230 feet.
Above the Ste. Genevieve formation lies the Chester group, with a thick-
ness of 300 to 500 feet in Lawrence County. Several sands are productive
in this section. In the Cisne and Clay City areas the Chester is 1,000 feet
thick, and sands in the basal portion are productive while sands of the upper
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Chester carry salt water. The productive sands appear to be lenses and,
although production may be spotted, they will add considerably to the total
production of the area. These sands have not yet been tested sufficiently
to make estimates of their possibilities. The Bradley sand in the Cisne area
is at the base of the Chester, and the Weiler sand of the Clay City area is
about 150 feet above the Bradley. These have not been correlated with sands
in the old field but are referred to by operators as the Bradley and Weiler
sands.
Study of the Chester section in wells so far drilled from Cisne to Noble
shows very strikingly the marked unconformity at the base of the Pennsyl-
vanian. In the Cisne area a nearly complete section of Chester is found while
at Noble, some 18 miles north upper Chester beds are missing, having been
eroded in pre-Pennsylvanian time. This same condition exists along the
LaSalle anticline from Lawrence County northward.
The unconformity at the base of the Chester is not so apparent. There
is a constant interval from any well defined limestone in the Chester to the
top of the Ste. Genevieve indicating that no angular unconformity is evident.
Above the Ste. Genevieve, however, there appears to be a weathered zone
about 80 feet thick which suggests a widespread interval of erosion. Further
drilling along the new structure will develop the details necessary to show
the relations of the Ste. Genevieve to the overlying beds.
In sub-surface work done so far, the Chester has been divided into zones
based on the content of micro-fossils (PL I). These zones conform fairly
well with the subdivisions of the Chester established by Stuart Weiler and
published in his Hardin County report, Bulletin 41 of the Illinois Geological
Survey.
The old fields produce from several shallow sands in the Pennsylvanian.
So far the 2,000 feet of this formation drilled in the new area has shown
only salt water in thick sand bodies. It is possible that productive sands
similar to the old fields may be found on the north end of the structure in
Richland and Jasper counties where the Pennsylvanian is not so thick.
DEEPER DRILLING
In Illinois and Indiana, production is found in rocks older than the
St. Genevieve so that it is natural to speculate about the deeper possibilities
in the now area. In western Indiana, oil is found in Devonian limestones
and dolomites. In the old Illinois fields there is promotion in the Trenton.
The St. Peter offers little possibility as it has not produced east of the
Mississippi River. In a new area where a thick sedimentary section exists,
there is always the possibility of unknown and unexpected producing horizons.
11 will require drilling to a depth of 7,000 Peel to answer these questions.
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THE WATER-FLOODING OF OIL SANDS*
By
Paul D. Torrey
Geologist, The Sloan & Zook Co., Houston, Texas
INTRODUCTION
The results that can be expected from the intentional flooding of par-
tially depleted oil sands, and the methods that may be most advantageously
employed to obtain the results desired have been brought to the attention
of the oil industry in Illinois for several years. In 1932 Bell and Piersol
published an excellent account of the water floods that were in operation
in the State at that time. 1 The information in this paper was later supple-
mented by Dr. Bell in 1934. 2 Much data have been published on the ex-
tensive water-flooding operations in the Bradford and Allegany fields of
northwestern Pennsylvania and southwestern New York, and more recently
considerable attention has been devoted to and interest shown in the applica-
tion of water-flooding for the purpose of increasing oil recovery in the shallow
fields of southeastern Kansas and northeastern Oklahoma.
Notwithstanding the fact that only a very small percentage of our
national oil production is derived from water-flooding operations, there is
every reason for carefully considering the possibility of its more widespread
application in the future. Under certain conditions, which will hereafter
be thoroughly discussed, water-flooding is unquestionably the most efficient
method for increasing oil recovery that has ever been devised. In fact it
can be shown in quite a few instances that effective water-flooding operations
will result in a larger oil production than has ever been obtained by natural
methods of production. In addition, water-flooding holds forth many ad-
vantages over natural production, owing to the methods which have been
developed to control the yield of oil as it may be desired by the operator,
and to the rapidity with which increased oil production can be obtained.
It is therefore most appropriate to emphasize at this point that due consid-
eration to the possibility of water-flooding should be given to every new field.
Cores of the producing formation should be taken and studied to ascertain
whether the pay possesses characteristics which would be adaptable to success-
ful water-flooding operations, and if it is found that favorable conditions do
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exist, the drilling and operation of the field should be so planned and con-
ducted that additional recovery can be obtained with little extra expense after
natural oil production has declined to an uneconomic level.
In preparing this paper, the writer has had in mind the desirability of i
eliminating as much as possible an involved discussion of the more technical
aspects of water-flooding. It is his purpose to set forth the results that
have
been obtained and the reasons why they have been obtained, and to point out j
conditions under which water-flooding may in the future find a much wider
application.
In the beginning a definite differentiation should be made between a
natural water flood, or as it is more frequently called "water encroachment,"
in an oil field, and intentional water-floods where the water is introduced
into the oil sands by artificial means.
The problems of controlling natural water encroachment in oil fields;
have confronted the industry almost from its beginning. Premature in-
;
vasions of water into the producing formations, either through faulty equip-
j
ment or through a wasteful dissipation of the reservoir energy, have fre-
quently been responsible for disastrous results, the water advancing rapidly
through the more permeable parts of the pay and drowning out the wells,
leaving much of the original oil content of the pay unaffected, and in most
instances in a condition making it very difficult to recover at a later date.
There are, however, many instances where the effects of normal water en-
croachment have been most beneficial to the ultimate recovery of oil. The
great East Texas oil field is an outstanding example of this fact. Eapid
water encroachment has been prevented by reduced oil production allowables,
and the advance of the water, being controlled in proportion to the with-
drawals of the oil from the reservoir, will undoubtedly add most materially
to the total recovery that can be expected from the field.
The control of water encroachment in the East Texas oil field is rela-i
tively simple in comparison to the conditions found in many other oil fields.
Where the structural relief of the field is not of sufficient magnitude to
permit a complete original separation between oil-bearing and water-bearing
pay along the flanks of the structure, many complications may arise in an
attempt to utilize the flushing effect of the water moving through the reser-
voir as the oil is removed. Under such conditions, the upper part of the
sand will generally be found to be oil-bearing whereas the lower part will
carry water, and great care must be exercised in drilling the wells so that
the lower water-bearing parts are not penetrated. Eegardless of all of the;
precautions that may be taken, if the sand is to any extent a homogeneous,
body, the water will have a tendency to come upward into the well, neces-jj
sitating the plugging back of the hole. This coning effect may be tem-
porarily helpful, in that oil is floated upward into the hole, but its eventual
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results are generally of no permanent value; for when the water-oil ratio
becomes too high to permit profitable operation, the hole must be plugged
back thereby trapping oil between well locations.
The benefits that may be attributed to or the damage that may be done
by natural water encroachment will therefore depend entirely upon individual
conditions in each field. Where the effects of water encroachment can be con-
trolled, great benefits may be expected both from the conservation of reser-
voir energy, thereby prolonging the flowing life of the wells, and from the
flushing action of the water as it moves through the sand. Where the en-
croachment of water cannot be controlled, every precaution should be taken
to hold the water back from the oil-producing area by the plugging back of
wells, by the artificial cementation of the more permeable lenses of the pay,
or by building up the bottom-hole pressure of the reservoir by the artificial
introduction of gas.
Strictly speaking, fields which produce entirely under hydraulic control
may not be expected to react favorably to artificial water-flooding. Fields
which begin to produce under volumetric control and then change to pro-
duction under hydraulic control can generally be placed in the same category.
But those fields which begin to produce under volumetric control and then
change, due to the exhaustion of most of the original gas content of the
reservoir, to capillary control may in great part be regarded as favorable
prospects for artificial water-flooding.
HISTORY OF WATER-FLOODING
The intentional water-flooding of oil sands for increasing the recovery
of petroleum is believed to have been first applied in the Bradford oil field
and m this field and in the nearby Allegany fields the technology of flooding
has largely been developed to its present status. There is little specific in-
formation as to how intentional water-flooding originated. In fact its
early history in the Bradford field is almost legendary. It is supposed that
the first floods were accidental due to improperly abandoned holes allowing
abater to enter the sand. Regardless of the original means whereby flooding
>vas started, it is known that it has been practiced for over forty years. For
mny years flooding was regarded by some of the operators as an iniquitous
practice, and floods were therefore secretly developed. However, economic
conditions in the fields required the adoption of some method for' increasing
)il production, since very few of the wells could be profitably produced under
latural conditions, and water-floods were therefore openly "commenced, not-
withstanding legal restrictions then in effect. The advantages of water-flood-
Qg were finally brought to the attention of the Pennsylvania legislature after
bods had been in operation for quite a few years, and in 1921 a special act
^passed authorizing flooding in certain of the State's fields. 3
'ennsylva^ia e°nti«ed "In^Ar^n S^fi%°f^Re^re1fntati>;es of the Commonwealth of
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The original effects of flooding were rather haphazard. Such wells as
remained in the vicinity of the input well were affected, but no serious at-
tempt could be made to control the rate and direction of water movement,
since in many cases the source of the water was unknown. It was, however,
soon discovered that in order to obtain full advantage of the initial water
input well, it must be fairly well surrounded by producing wells. Old wells
were utilized as far as possible, but ordinarily the original spacing used for
natural production was too wide for efficient flooding operations so that it
was necessary to drill at least a few new wells. The circle flood was thus
developed, consisting of one water intake well surrounded by a group of
producing oil wells in a more or less circular pattern. Although this method
requires a minimum initial capital investment, its disadvantages soon became
evident. The fact that one well could not supply a volume of water adequate
to deplete the surrounding area within a reasonable period of time was ap-
parent. Furthermore, since the flood circle is expanded by each successive
ring of wells, the cost of development constantly increases. A quicker and
more effective method was made necessary by the heavy investment required
in drilling new circles of closely spaced wells, the high price of the land, and
the necessity of protecting property lines. The line flood, consisting of pro-
ducing wells staggered on both sides of an equally spaced line of water wells,
met this need. This method, with various modifications, was rather generally
adopted, and is still used in the Bradford field on some of the properties
where development was inaugurated during the earlier periods of water-
flood application.
Various methods of applying the line flood have been employed, the
most general one being that of drilling a row of water intake wells across
the property with a row of producing oil wells, drilled on a triangular pattern
to the water intake wells, on each side. This method allows for approxi-
mately twice as many oil wells as water wells during the initial period of
flood development, assuring a large oil production within a fairly short time,
and a correspondingly rapid depletion. As the flood advances, additional
rows of oil wells are drilled so that, in certain instances, as many as three
rows of oil wells on each side of the water line are pumped at the same time.
Where cooperative agreements can be made between adjoining property owners,
it is customary to drill the first row of water intake wells along the boundary
line, and thus reduce the initial investment to each operator. Under cir-
cumstances where such agreements cannot be made, and where the owner is
desirous of completely encircling his property with an advancing flood, wate!
intake wells are alternated with oil wells along the boundary line; when tin
latter are depleted they are converted into water intake wells, and the develop-
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ment of the property then proceeds in the usual manner. The various forms
of floods in common use in the Bradford field are illustrated in figure 5.
The successful application of the line flood was soon reflected in an in-
crease in acreage values so that the intensive development of properties, con-
sisting of drilling up the entire area of the lease according to some fixed
geometric pattern, naturally resulted. Intensive development was first at-
tempted in 1924, but the well spacing used was so wide that it did not give
appreciable results. In 1927 an intensive flood was drilled in the northern
part of the Bradford field, in which the wells were better spaced to conform
to existing sand conditions. The satisfactory results obtained from this
flood clearly indicated the possibilities of the method. Since then some form
of intensive development has been almost universally adopted for all new
operations.
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Figure 5.—Flooding patterns commonly employed in the Bradford field.
The advantages of an intensive development, the most common type u sod
being the five-spot, over the line flood or other less systematic methods of
flooding are : ( 1 ) concentration of development and operations in one area
which results in a material reduction in operating expense; (2) rapid deple-
tion, which further reduces operating costs and interest charges, and also
provides a rapid return of invested capital; and (3) a more efficient flooding
of the sand with a consequent increase in oil recovery.
24 DEVELOPMENTS IN
OIL AND GAS
Land values in the Bradford and Allegany fields naturally increased
as
the technology of water-flooding was improved, and this
increase in valuation
has led to rather extensive exploration throughout
the Pennsylvania grade
area for other fields which might respond to the same
methods for increasing
oil recovery. To date there are several experimental
floods in operation
outside of the Bradford field in western Pennsylvania.
None of these floods
has reached a sufficiently advanced stage to indicate
how successful they will
be, but it is believed that the application of
water-flooding m Pennsylvania
will not be limited to the Bradford area alone. _
According to the information presented by Dr. Bell (previous
citation),
the floods in operation in the oil fields of
Illinois have largely resulted from
the utilization of natural water encroachment.
These floods have yielded
sufficient oil to indicate that intentional water-flooding
might be satisfactorily
applied in several areas of the State. Dr. Bell's
contention that systematic
coring of the sands to determine their lithology
and oil content is very well
taken, and in fact this procedure is absolutely essential
to appraise fairly the
flooding possibilities of any field regardless of its
location.
After the results that could be obtained from water-flooding
m the
Bradford field became rather generally known, sporadic efforts
to flood the
Bartlesville sand in northeastern Oklahoma were attempted.
These earlier
floods were commenced with little regard to geologic conditions,
and consider-
ing the poor planning and even poorer operation, it is
amazing how much oil
has been recovered from them. They showed conclusively
that the Bartles-
ville sand was floodable, and by so doing they served a
useful purpose m
pointing the way to more systematic development along the
lines that have
been established in the Bradford field. At the present
time, there are several
active floods in operation in northeastern Oklahoma, and
southeastern Kan-
sas, and it is very reasonable to believe that in the future
the application of
water-flooding in this region will be greatly expanded.
Little attention has been paid to intentional water-flooding
m Texas
due of course, to the large natural production of that
State. There are,
however, a few fields in north-central Texas which should
respond to water-
flooding operations. During 1936 the Texas Kailroad Commission
granted
a few permits for experimental floods, but insofar
as the writer knows, noth-
ing of a constructive nature has been established.
GEOLOGIC FACTORS AFFECTING SUCCESSFUL
WATER-FLOODING
STRUCTURE OF FIELD
A knowledge of the geologic structure of an oil field in which intentional
water-flooding is contemplated may be regarded as being most essential.
In
the Bradford field, the accumulation of oil has been controlled by
a large
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anticlinal fold/ but the major structural dip is so low, insofar as individual
properties are concerned, that it has had very little effect upon flood water
movement. However, in a few areas where the dip of the strata is over one
degree, is has been found most advantageous to flood up the dip. Flooding
down the dip is contrary to the natural association of oil and water, and it has
been definitely established, both in the Bradford field and in northeastern
Oklahoma, that flooding down dip results in very rapid water migration, and
therefore is responsible for the by-passing of considerable quantities of oil.
From the information so far established on the effects of structure on
flood movement, it would seem most desirable to commence new water floods
along the lower flanks of the structures controlling oil accumulation. This
would be of particular importance in fields where some natural water encroach-
ment is already active. In the writer's mind, the ideal situation for flooding
a field located on a fairly well-defined fold, and in which sand conditions
are favorable, would be a cooperative development among all of the opera-
tors,—providing the field is owned by diverse interests,—in which the water
would be simultaneously introduced into the sand through a line of intake
wells which would correspond and be parallel to the lowest contour that
limits the oil production of the field. Further to insure a fair return to all
of the operators involved, it would be most desirable to unitize the entire
field, and the writer believes that this type of development will be more
closely followed in the future than it has in the past. So much has been
written regarding the benefits of unit operation in new fields that it is cer-
tainly not necessary to repeat them, but it can be stated most definitely that
all of the advantages that can be expected from unit operation in a new field
:
could be anticipated in any form of reworking operation, and particularly
in connection with water-flooding.
In fields where the producing formation is relatively level, and accumula-
tion of oil has been limited by changes in the lithology of the pay, water-
floods may be established to suit the convenience of each operator. Where
accumulations of oil occur along monoclinal slopes, and the dip of the pay is
more than one degree, it is believed that the most satisfactory results can
be obtained by commencing flooding operations in the lowest structural part
of the field and flooding up dip. Flooding up dip in certain of the smaller
fields of Allegany County, New York, has been eminently satisfactory, and
has amply repaid the operators for the care that they have exercised in
selecting the location for their initial developments.
CONTINUITY OF SAND AND SAND LENSES
The most successful results that can be realized from water-flooding
operations will naturally be obtained where the producing formation is a
Petroleum Geologists, Structure of Typical American Oil Fields, Vol I pp 407-^2 1929.
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continuous and uniform body. An ideal condition would, of course, be a
massive, sheet sand formation with homogeneous porosity and permeability
both vertically and horizontally, and with uniform pay thickness. Varia-
tions in physical characteristics of the producing formation from well location
to location must be generally expected, owing to the lack of uniformity of
sedimentary conditions, and since most sands were not deposited upon a
level basement, irregularities in thickness frequently occur at the bottom of
the sand and to a lesser extent at the top. Furthermore, oil sands generally
do not thin out as a smooth wall, but rather they break up into lenses and
tongues which sometimes do not extend to adjacent wells even under the close
well spacing conditions required in ordinary practice. If the porosity and
saturation of the sand is fairly uniform, there is obviously more oil present
in thicker parts of the sand than in the thinner parts, and such being the
case, and if it is at all feasible, it is most desirable to flood from thin sand
sections to thick sand sections. The reason for this is that it is most illogical
to push oil away from a thick sand section where it may be easily recovered,
to a thinner or lenticular section where the oil may be trapped by shale breaks
or by lensing out of certain members of the sand body.
It is, of course, impossible to plan or change flooding operations to con-
form to sand variations under every condition, but if a study of the records
of the old wells from a field reveal irregularities in the sand body, it would
be most advisable to attempt to plan the well location pattern to conform as
closely as possible to conditions as they are found to exist.
PRESENCE OF WATER IN THE PRODUCING FORMATION
The presence of appreciable quantities of water in the producing for-
mation may be regarded as being most unfavorable for successful water-
flooding, since the water present cannot help but reduce the amount of oil
available in the sand. However, the fact that wells in a field are making
water along with the oil should not prevent a careful investigation of the
flooding possibilities of a field since it may be found that the water is coming
from a source that may be eliminated. If the water occurs in the bottom of
the sand, the water-bearing part may be separated from the oil-bearing part
by a definite break, and such being the case, the plugging back of the wells
to the bottom of the oil pay will prevent the water from coming into the
holes. Furthermore, it will frequently be found that only parts of the field,
and this is usually the lower structural areas, have been affected by natural
water encroachment. Under such conditions the introduction of water into
the sand under proper control may accelerate flooding action in the areas
already affected by water, and at the same time provide a much more effec-
tive depletion of the unaffected areas.
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It should, however, be pointed out that attempts to flood artificially
fields in which the producing formation carries any appreciable quantity of
water have not proved to be very satisfactory, and unless rather unusual condi-
tions exist in the field, water-flooding could not be recommended.
GAS PAYS AND GAS CONTENT OF THE SAND
In many fields where accumulation is controlled by anticlinal structure,
the sands on the higher parts of the structure are completely or partially filled
with gas. The Bradford field is an excellent example of accumulation of this
type. In the highest parts of the structure, the sand was originally largely
gas-bearing with a relatively thin oil pay in the lower part. Going down dip,
the amount of gas pay in the sand decreases and the amount of oil pay
increases.
Flooding experience in the Bradford field soon indicated that it was
very necessary to pack off the gas pay in the water intake wells, since this
pay had been largely depleted of its original gas content over the many years
of productive life of the field, leaving an open medium which offered very
little resistance to water movement. In intake wells where the gas pay was
not packed off, the water would migrate very rapidly through the gas pay,
leaving the oil pay practically unaffected. Similar results have been ob-
tained in certain of the floods in the Bartlesville sand of northeastern Okla-
homa. It therefore, can be stated definitely that no flood can be successfully
operated where such conditions exist without packing off or cementing any
gas pays that may be present.
Even in very old fields, it is generally possible to obtain some idea of
the original gas-oil ratio. If the gas-oil ratio was unusually high, it would
be natural to regard the field, insofar as its flooding possibilities are con-
cerned, with some suspicion. However, much of the gas produced may have
come out of solution from the oil, and in that event the deciding factor in
determining whether the field is a desirable prospect for water-flooding can
only be definitely ascertained by saturation tests of cores taken from the
sand. It may, of course, be concluded that any free gas present in the sand
will reduce the volume of oil originally present and will have a decided effect
on the volume of oil left after a long period of natural production. Gas that
may have been produced out of solution from the oil would not have such a
harmful effect, and as it will later be shown, the compression of gas in
the sand in advance of the migrating water from the intake wells is of
material assistance in moving the oil into the producing wells.
QUALITY OF OIL
Had it not been for the excellent qualities of Bradford crude, the field
probably would have been abandoned in the period prior to the general in-
auguration of water-flooding. The oil ordinarily commands a premium over
28 DEVELOPMENTS IN OIL AND GAS
other grades of Pennsylvania grade crude. An operator considering the water-
flooding of a previously untested field would naturally be certain of the
refining desirability of the crude that he anticipates producing. If the oil
does not have a ready market, it obviously would be an unsound investment
to drill the additional wells and install the other necessary equipment required
for efficient water-flooding operations. Even if the crude produced fulfills all
of the requirements of a most particular refiner, a careful investigation of
certain of its physical properties should be made to determine whether it will
respond favorably to flooding action. The two main factors in this connec-
tion are the viscosity of the crude and its tendency to emulsify.
It just so happens that the viscosity of Bradford crude is not too high
to affect materially efficient flooding action. In consequence little attention
was paid to this property of the oil in connection with the earlier flooding
operations. In more recent years, however, when attempts have been made
to flood other fields, it has been found that crudes that possess a much higher
viscosity than Bradford crude do not respond to flooding action in the manner
expected, notwithstanding the fact that other conditions in the sand body
might be regarded as being quite favorable for flooding operations. Oils of
high viscosity naturally are more resistant to displacement by water drive,
and particularly in fields where the sand possesses high permeability, the
water may break through the pore spaces leaving the crude adhering to the
individual sand grains. From both practical operating experience and labora-
tory investigations, it has been established that oils possessing a Saybolt Uni-
versal viscosity of 35 to 40 seconds at 100 degrees are best adapted to water-
flooding purposes. It is very unlikely that an oil possessing a Saybolt Uni-
versal viscosity of more than 40 seconds at 100 degrees would flood as efficient-
ly as a less viscous crude.
The tendency of the crude to emulsify should be thoroughly established
in the investigations of the water-flooding possibilities of any field. The
crude produced in the Bradford field is very stable and does not even form
a temporary emulsion when water is introduced into the sand, but it has been
found in other fields of western Pennsylvania that water-flooding will be
responsible for permanent emulsions which require chemical or electrolytic
treatment to break down. The formation of temporary emulsions is not a
very serious problem, since the oil can usually be freed from the water by
moderate heating, which is universally required by the pipe lines in cold
weather to provide a free flow of fluid into their gathering lines. The for-
mation of permanent emulsions is an entirely different problem. These will
require special treatment, and if it is found that such treatments will be
required, a careful investigation of the costs should be made before starting
a flood, since the margin of profit which might otherwise be expected may be
required to condition the oil so that it will be acceptable to the pipe line
company and the refiner.
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PHYSICAL AND LITHOLOGIC CHARACTERISTICS OF THE
OIL PRODUCING FORMATION
POROSITY AND OIL CONTENT
The porosity of an oil sand is a most important factor in the ultimate
success of a water-flooding operation, for the porosity of the sand determines
its capacity to hold oil. The percentage of the pore spaces rilled with oil is
of equal importance, for it is obvious that under similar lithologic conditions
a sand containing a large oil content will yield much better results than one
containing a low oil content. Water-flooding under pressures greater than
the normal hydrostatic pressure has been fairly successful in sands possess-
ing an average porosity of as low as 7 per cent, but the best results have
been obtained from somewhat higher porosities. The average porosity of
the Bradford sand is approximately 11.5 per cent, although some samples
have possessed a porosity of from 25 to 28 per cent.
The average oil saturation of the Bradford sand, based upon many
laboratory analyses using the retort method of determination is about 40
per cent. The oil saturation normally increases going down the dip from
the highly gas-saturated parts of the structure, and it is also considerably
higher on properties which were developed under natural conditions of pro-
duction on a wide well spacing pattern. From a multitude of correlations
between oil content of the sand and actual oil recovery, it has been estab-
lished that about 40 per cent of the total oil content of the sand is recov-
erable by water-flooding. The most efficient floods in uniform sands will
probably recover around 50 per cent of the oil content of the sand. Assum-
ing conditions in other fields analagous to Bradford, an oil content of 15,000
barrels per acre should result in an average recovery of 6,000 barrels per acre
by water-flooding, and under unusual circumstances of exceptionally uniform
sand conditions and efficient operations, a recovery of as high as 7,500 barrels
per acre may be realized.
The porosity and saturation of oil sands can be determined only by core
analyses, and as Dr. Bell has properly pointed out, the only logical way to
ascertain these necessary facts is by systematic coring. Dr. Bell's recom-
mendation is heartily approved and emphasized by the writer. In many
instances with which the writer is intimately familiar, the results from water-
flooding operations could have been greatly improved, by an accurate knowl-
edge of sand conditions, and many times floods which have resulted in failure
could have been made into profitable enterprises if the operator had been
aware of the conditions confronting him.
PERMEABILITY
The permeability of an oil sand may be denned as its capacity for pene-
tration by gases or liquids. Permeability depends upon the porosity and
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degree of interconnection of the pore spaces in the sand, the size and shape
of the pore spaces, and to a lesser extent upon the type of cementing ma-'
terial and the oil saturation. A determination of the permeability of the sand
is most essential for successful water-flooding operations, since upon it must
be based the most desirable well spacing and the most advantageous water
pressure that may be used for development.
The size and shape of the pore spaces in the sand are dependent upon
the size of the individual sand grains and the amount of cementing material
between them. It has been found in the Bradford field that an average
grain-size of less than 0.2 mm in diameter generally yields the best results
in water-flooding. The Bradford sand is made up of quartz grains with
small amounts of feldspar, mica, and considerable chert-like material. The
grains are angular and interlocking. The interstitial material is brown
micaceous clay.
The average grain size of the Bartlesville sand on certain properties in
northeastern Oklahoma that are being successfully flooded is somewhat larger
than that of the Bradford sand, ranging to as high as 0.5 mm in diameter.
This larger grain size usually results in a higher permeability of the sand,
which must be taken into account in selecting the proper well spacing and
water pressure for a new flooding operation.
The most satisfactory results from water-flooding in the Bradford field
have been obtained where the sand has a uniform permeability of from 5 to
10 millidarcys. It should be noted, however, that there are great variations
in average permeability throughout the field, as well as wide variations in
individual sand sections. Profitable flooding operations have been carried
on in localities where the average permeability is little more than one
millidarcy, but under such conditions a relatively close well spacing and high
water pressure are required. It should also be brought out that sands having
a permeability of as high as 200 millidarcys are also being flooded, and it is
impossible to state at this time what the upper limits of permeability will
be that will preclude satisfactory flooding action. If the sand body is fairly
uniform and possesses a good oil saturation, there seems to be no good reason
why sands of high permeability may not be effectively flooded by proper
well spacing and careful control of water input into the intake wells. Here
again, the only way an operator can be sure of the best procedure is to core
his property systematically, and upon the basis of the results of core analyses
delermine the best methods to employ. Naturally wide variations in perme-
ability in the sand section will require special operating methods to force
a uniform movement of the water through the sand. Fortunately, methods
have been developed to take care of situations of this type; these will be
described in a following part of this paper.
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CEMENTING MATERIAL
From laboratory experiments Uren and Fahmy 5 have discovered that
the kind of cementing material or sand grain coating has a marked effect
upon the recovery of oil by flooding. The results of their experiments have
indicated that sand grains coated with silica are much better adapted for
water-flooding purposes than those coated with lime or iron oxide. These
experiments should be thoroughly considered before attempting to water-
flood a new field, since they give very useful criteria for the determination
of the adaptability of oil sands to water-flooding.
THEORETICAL CONSIDERATIONS
The actual mechanics of water-flooding have been thoroughly discussed
by Wycoff, Botset, and Muskat, 6 and by Wilde. 7 Little can be added to the
facts they have presented, and the writer has only in mind setting forth in
this paper a few data relating to the action of the water as it moves through
the sand which are derived from actual field experience.
It has been previously mentioned that water-flooding has been most
successful in fine-grained sands which possess pore-spaces of capillary size,
and such being the case, it may be assumed that capillary action is an im-
portant factor in the displacement of the oil held in the interstices of the
sand and adhering as a film to the sand grains. Water-flooding may there-
fore be regarded as a combination of capillary and hydraulic action, the
capillary effect acting as the displacing agent, and the hydraulic effect pro-
viding the motivating agent which accumulates the oil and pushes it toward
the producing well.
After a field has experienced a long period of natural production, the
pore-spaces of the sand are not entirely filled with oil. The sand grains are
coated with a film of oil of varying thickness, and the main part of the pore
occupied by a bubble of gas. The minute interconnections between the main
pore-spaces may be compared to conical tubes. In a conical tube a drop of
oil will be concave outward at both ends, but since the smaller surface has
the smaller radius of curvature, it will exert the greater pressure against
the gas and the drop will move to the smaller end of the tube (fig. 6). In
figure 7 the position of a drop of oil moving through the pore-spaces of a
sand by water-flooding action is indicated. As the water under pressure
enters the pore-space of the sand, the drop of oil which has moved by capil-
lary action to position 1 moves to position 2. Upon reaching position 2, the
5 Uren, L. C, and Fahmy, E. H., Factors influencing- the recovery of petroleum from
unconsolidated sands by water-flooding-; Am. Inst. Min. Met. Eng., Trans., vol. 77, pp.
318-
, 1929.
6 Wycoff, R. D., Botset, H. G., and Muskat, M., The mechanics of porous flow-
applied to water-flooding problems: Am. Inst. Min. Met. Eng., Trans,, vol. 103, pp.
236-237, 1933.
7 Wilde, H. D., jr., The value of gas conservation and efficient use of a natural-
drive as demonstrated by laboratory models: Am. Petroleum Inst., Production Bull. 210,
PP. 4-10, 1932.
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conical tube effect previously mentioned pulls the drop to position 3. This
process is repeated time and time again, each drop of oil as it moves through
the sand being separated from other drops by bubbles of gas. As more oil
is picked up and pushed ahead by the advancing water, the pressure naturally
increases, resulting in the solution of the gas bubbles in the oil. As the oil
drops converge due to the solution of the gas, the pore-spaces become more
entirely saturated with fluid, and the flood then moves forward to the pro-
ducing wells under direct hydraulic control.
Figure 6.—Drop of oil in a conical tube of variable diameter.
It can be readily appreciated that in a coarse-grained sand a capillary
movement of the oil bubbles is impossible. Even if a drop of oil advanced
to position 2 in the sand as illustrated in figure 7, it would be so elongated
that any application of pressure would break it back to a film adhering to
the sand grains rather than moving it ahead to the next inter-connection.
Such being the case, the water would tend to drive on through the open pore
spaces leaving much of the oil unaffected. Such action is undoubtedly re-
sponsible for the lack of success that has been experienced in attempts to
water-flood conglomeratic sands.
DEVELOPMENT OF WATER-FLOOD PROPERTIES
PATTERNS FOR WELL LOCATIONS
Various geometric patterns have been used in the intensive development
of water-flood properties. (See fig. 5). The most common pattern is
rectangular (the five-spot), with an oil well located in the center of a square
formed by four water intake wells. This pattern is, in reality, nothing more
than a continuous series of line floods, and it was therefore the natural change
from the system of flooding most widely in use prior to the more general
introduction of intensive development of properties. Its use, in the Bradford
and Allegany fields, has been almost universal, owing to the ease with which
it Ls fitted into property boundaries and the manner in which the distance
between the wells can be varied to conform to changing conditions in the
sand body.
A triangular pattern (the four-spot) has been used on a few properties.
In this system an oil well is located at the center of an equilateral triangle
formed by three water intake wells at the corners. It is claimed by the
operators using this pattern that it will add materially to the effectiveness
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of the flood, but comparative data based upon actual operating results, are
not available to the writer. From a theoretical standpoint, it is somewhat
questionable whether the possible increase in anticipated recovery will be
sufficient to warrant the additional expense required in the development of
a property on the "four-spot" plan. The triangular pattern alone is very
difficult to fit into property lines, but on properties possessing irregular di-
mensions, it may sometimes be used to advantage in connection with a main
development using a rectangular pattern.
Figure 7.—Drops of oil moving through the pore-spaces of a sand by
water-flooding action.
Some intensive floods in the Bradford field have been drilled according
to a hexagonal pattern (the seven-spot), with an oil well drilled in the center
of a hexagon formed by six water intake wells at the corners. The hexagon
possesses some very distinct merits, for it is the polygon with the largest
number of sides that will fit into a continuous pattern. A hexagonal arrange-
ment of water intake wells will undoubtedly increase the efficiency of a flood,
in that the oil well will be more effectively surrounded by advancing banks
of water, and the danger of trapping oil between the intake wells will be
diminished. The reduction in development cost by the use of a hexagonal
pattern will be considerable except where a large number of offset wells must
be drilled along the property lines.
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In comparing these three patterns, it will be evident that in the four-
spot each water well affects six oil wells; in the five-spot each water well
affects four oil wells; and, in the seven-spot each water well affects three
oil wells. Assuming a constant distance of 200 feet between water intake
wells for each pattern, at the time the water has advanced 100 feet away
from each intake well and has at this point met the water coming from the
opposite intake well, in the four-spot it will be approximately 15 feet away
from the oil well; in the five-spot it will be approximately 41 feet from the
oil well; and, in the seven-spot it will be approximately 100 feet from the
oil well. The danger of by-passing will therefore be greatly reduced in the
hexagonal flood, for when the water in any one bed of the sand meets half-
way between the intake wells it still has a considerable distance to go before
it comes to the oil well, whereas in the triangular pattern when the water
meets between the intake wells it has at the same time almost reached the
oil well which will then shortly thereafter have to be abandoned on account
of the rapid encroachment of water.
Assuming again the same distance of 200 feet between water intake wells,
each water intake must flood out 103,800 square feet in the four-spot, 40,000
square feet in the five-spot, and 51,900 square feet in the seven-spot. From
this standpoint the relative efficiencies of the five-spot and seven-spot are
fairly close, but the four-spot is apparently far less desirable, for if the input
of water into each intake well for the three different patterns is constant, it
will take a much longer time to deplete the flood-area drilled according to
the four-spot pattern.
WELL SPACING
Probably the most important factor determining the ultimate profits that
may be expected from a water-flooding operation is the selection of a well
spacing pattern designed to conform best with the characteristics of the sand
body underlying the property. There are many factors that determine the
ideal spacing pattern for a property or an area, but in general it can be
stated that the spacing of wells should be so planned that the ultimate recov-
ery can be obtained with a low development cost within a reasonable period
of time. Some of these factors have been previously mentioned and dis-
cussed such as : geometric patterns, sand porosity and permeability, per cent
saturation, and total oil content of the sand. In addition to these factors,
the water pressure applied to the sand and the cost of development must be
included.
The oil content of the sand should be the object of primary interest in
the investigation of the water-flooding possibilities of an untested field. Con-
sideration must, of course, be given to the price paid for the oil and the
certainty of markets for an increased production. Owing to the higher posted
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price paid for Pennsylvania grade crude over that paid for mid-Continent
grades, a property in the Pennsylvania grade area may be profitably operated
on a much lower oil content and oil recovery than properties in Oklahoma or
Kansas, if development costs are approximately equal. In addition, the
valuation of the land must be taken into account. High priced acreage will
not only have to produce enough oil to pay for the development cost and
operating expense, but it will also have to return the purchase price, and a
reasonable profit on the entire investment. Eliminating the factor of acreage
valuation, it can be stated that in the Bradford field the lowest minimum
recovery that could be expected to yield a profit would be from 3,000 to 3,500
barrels per acre, the variation in required recovery being based upon dif-
ferences in drilling depth throughout the field. To this recovery figure must
always be added the amount of oil necessary to carry the cost of the property.
Following this line of thought, and assuming approximately equal de-
velopment costs, water-flooding in areas of the mid-Continent region where
the sand will not produce a recovery of from 6,000 to 7,000 barrels per acre
would be regarded as being a rather hazardous enterprise. In this connection
it should be noted that development costs in certain of the shallow fields of
northeastern Oklahoma are actually less than one-third of the average cost
in the Bradford fields which will therefore permit a profitable development of
properties where the sand will yield a recovery of much less than 6,000 barrels
per acre. It should, however, be kept in mind that the well spacing, which
is responsible for the greatest part of the development cost, may be adjusted
to correspond to the oil content and estimated recovery from the sand, taking
into account, of course, that the permeability of the sand is sufficiently high
to justify a wide well spacing pattern. In thick sand areas carrying a high
oil content, the wells may be spaced closer than in thin sand areas carrying
a low oil content. The quicker return from more closely spaced wells in thick
sand areas may fully justify the additional expenditures required for de-
velopment.
The selection of a geometric pattern for the well locations will depend
largely upon the size and shape of the property. On large properties the
hexagonal pattern is favored over the triangle or rectangle for reasons pre-
viously presented.
Of all of the factors which must be considered in the selection of the
proper well spacing for a property, the average permeability of the sand is
probably of the greatest importance. In tight sand areas, a closer spacing
must be used than in looser sand areas to recover the same amount of oil
within equal time periods. It is possible that the experience obtained from
flooding operations in the Bradford field may not be exactly applicable to
other areas, but the curve given in figure 8 does represent the relation be-
tween well spacing and average sand permeability which has given satisfactory
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results at Bradford. There are, of course, reasonable limits beyond which
this curve cannot be applied. It is presented in order to show the great
importance of taking into consideration the permeability of the sand in plan-
ning the well-spacing to be used in a flooding operation, and not as a fixed
formula that might be applied in any other area. It is believed, however,
that some such relationship will be found in every field that is otherwise
adapted to water-flooding operations.
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Figure 8.—Relationship between average sand permeability and spacing between
water wells which has given satisfactory results from water-flooding in the
Bradford field.
The modern system of water-flooding involves the use of water under a
predetermined presure which will most effectively deplete the sand within
the desired time limit. Increased water pressures may be used in areas where
the sand possesses low permeability and thereby enable the use of a wider
we I J -spacing pattern than could be used if only the normal hydrostatic pres-
sure was employed. Increasing the pressure does not increase the water input
proportionately as will be seen from figure 9, but it does expedite flooding
action 'luring its earlier life by further compressing the gas that remains in
and, and during the later life of the flood by providing somewhat faster
fluid movement.
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Figure 9.—Relationship of pressure at the top of the sand to water input for
Bradford sand possessing a thickness of 23 feet, an average porosity of 10.95
per cent, and average permeability of 4 millidarcys.
The cost of development of a water-flooding project must be taken into
account in the same manner as the property cost or valuation. Development
costs are not only dependent upon the well spacing but they are also directly
proportional to the drilling depth. There are partially depleted fields in
West Virginia at the present time producing from the Berea sand, which
would undoubtedly respond favorably to water-flooding. However, the drill-
ing depth is approximately twice the drilling depth in the Bradford field,
which has delayed development up to the present time. With the assurance
of a better crude price, these fields will undoubtedly be flooded. The shallow
depth of the Bartlesville sand in northeastern Oklahoma and southeastern
Kansas has made possible the profitable development of water-flooding opera-
tions in these areas, notwithstanding the lower price paid for the crude.
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The time required to deplete a five-spot or any other type of intensive
flood can be predetermined with reasonable accuracy to meet the requirements
of the operator, by varying the dimensions of the spacing pattern. A close
spacing with normal water pressure will give rapid results, and is frequently
used where it is desired to make a rapid return of the capital invested in
land and development, or to build up a large production for the purpose of
property sale. A wide spacing pattern possesses the material advantage of
lowering the cost of development, and the longer productive life of widely
spaced floods permits a better opportunity for obtaining an average price for
the oil produced. In the Bradford field, where sand conditions permit, there
has been a gradual but definite trend toward wider spacing patterns. In
figure 10 the production of typical wells from five-spot floods of different
spacing is given. Most intensive floods in the Bradford field have been so
spaced that the property will be depleted within an operating period of five
to six years.
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Figure 10.—Oil production curves from five-spot flood wells of varying spacing
pattern. In curve No. 1 the water intake wells are spaced 180 feet apart; curve
No. 2, 250 feet apart; curve No. 3, 300 feet apart; and curve No. 4, 350 feet
apart.
WATER SUPPLY
The requirements of a satisfactory water for flooding operations may be
briefly stated: the water must be in ample quantity, and must not cause
plugging up or choking of the oil pay. The water used is primarily responsible
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for the results obtained from water-flooding, and it is therefore very evident
that the quality of the water has a most important bearing upon the effective-
ness of the flood. It can be shown in many instances, both in the Bradford
field and in northeastern Oklahoma, that the failure of water floods to produce
the amount of oil anticipated is directly attributable to the poor quality of
water used. The necessity for an adequate supply of pure water should there-
fore be very evident, particularly when it is realized that the water require-
ments for an intensive flood are sometimes in excess of the rainfall over the
operated area.
During the earlier period of flooding operations in the Bradford field,
the water was introduced into the sand by merely cutting the surface ceasing
in the intake wells and allowing the water to flow down the hole to the
top of the sand. Upon the more general adoption of intensive methods of
development this method was soon discarded for the reasons that the water
coming from the surface rocks tended to carry mud and silt with it, thereby
plugging the sand; because it was found that in many cases the volume of
water available was not sufficient for efficient flooding operations; and be-
cause it was found in many cases to be most advantageous to apply additional
pressure, over and above the normal hydrostatic pressure, to the sand. It
was soon realized that the ground water supplies in many parts of the field
were not adequate to maintain large scale flooding operations, and the supply
has therefore been supplemented by a trunk water pipe line system originat-
ing in the nearby Allegheny Valley.
Appreciating that there is not enough ground water available for flood-
ing operations in the Bradford field, which is located in a region which has
an average annual rainfall of about 45 inches, it can be readily realized how
important it will be to establish ample water resources for contemplated water-
flooding operations in fields located in more arid regions. In many parts of
the mid-Continent region, river water appears to be the only source of
supply, but the use of river water will in most instances require the construc-
tion of large settling reservoirs to permit the removal of most of the suspended
matter and the use of water-treating plants. It has also been suggested that
salt water might be used for flooding purposes. This is a possibility, but
great care must be used in the introduction of salt water into an oil sand for
most oil sands carry certain amounts of precipitated mineral salts which
will go into solution with the water introduced up to the limits of their
individual solubility product constants. A saturated solution might there-
fore likely be formed which would tend to lose part of its carried burden of
mineral salts by the evaporative effect of expanding gas as the water comes
into the producing wells, resulting in the precipitation of a coating of salts
on the face of the sand. This action has been known to take place in the
eastern fields, and it requires costly periodic cleaning out of the wells in
order to maintain production.
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Any water purification for flooding purposes involves the removal from
the raw water of any substance or property which would tend to make it plug
the sand and so impede the constant flow of water. Most ground waters
carry a small amount of suspended matter and varying amounts of soluble
iron and other mineral salts. Under the old system of water-flooding, where
the water did not come in contact with the atmosphere, plugging action by
chemical precipitation probably was not a very serious problem. However,
with the adoption of intensive methods of development, resulting in a corre-
spondent increased demand for water, the old system of subsurface type
floods had to be abandoned, and the water required for flooding purposes
obtained either from shallow wells on the property, or, if sufficient ground
water was not available, from some outside source.
Although this method of handling the water problem insures an adequate
supply to each intake well, it has the great disadvantage that any soluble
ferrous salts present in the water are oxidized to insoluble ferric salts when
the water is flowed from wells by compressed air. The formation of these
insoluble gelatinous compounds plugged the sand in many wells in the Brad-
ford field and it soon became evident that they must be removed. This is
accomplished by the use of a high pressure, vertical type sand filter.
However, the filter alone does not solve the problem of sand plugging
inasmuch as the water produced from wells by flowing with compressed air,
even after leaving the filter, is essentially saturated with carbon dioxide and
oxygen. It will, therefore, react with the steel tubing of the pipe line between
the pumping station and the intake wells to form more insoluble iron com-
pounds which are practically the same as those formed from the soluble salts
in the raw water. For this reason the flowing of water from wells is being
discontinued and turbine pumps installed for lifting the water, rather than
compressors. By this method the water is not aerated and consequently does
not corrode the pipe lines to any appreciable extent. Where compressors are
still used for flowing water, it is very desirable to deposit a thin film of
calcium carbonate on the inside of the pipe by the introduction of small
quantities of quick lime into the water after it has left the filter, thereby
artifically increasing the pH of the water. Another way to prevent corrosion
and thereby eliminate the deposition of plugging material on the face of the
sand is to run the water slowly through a large container filled with crushed
limestone, which will remove most of the dissolved carbon dioxide.
The water generally used for flooding purposes in the Bradford field has
a very low concentration of other dissolved mineral salts even when the very
objectionable! iron compounds are included. The chief acid radical is bicar-
bonate with very minor amounts of sulfates and chlorides. Fortunately, there
are no soluble carbonate salts present in the ground water, for if there were
they would readily react with the large amounts of calcium and magnesium
chloride, which are present in the sand, to form insoluble carbonate salts.
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The possibility of reactions between soluble salts in the flood water and
salts precipitated in the oil pay must not be overlooked. If appreciable quan-
tities of soluble carbonate salts are found to be present in the flooding water,
they should most certainly be removed by chemical treatment for they will
readily react with any calcium or magnesium chloride present in the sand,
forming insoluble carbonates which would likely have a definite tendency to
plug the sand.
DRILLING PRACTICE AND SURFACE EQUIPMENT
The development of properties for water-flooding purposes will not be
greatly different from the form of development used for the drilling of
natural producing wells, and under ordinary circumstances will not present
any serious engineering problems. The water intake wells are generally
drilled first. Such casing as is required is set in the customary manner, and
after the sand is penetrated, the well is shot with nitro-glycerine in quanti-
ties approximately similar to those which have been previously used in the
field. In the Bradford field, from 100 to 150 quarts are customarily used.
After the hole has been cleaned out, two-inch tubing is run with a hook-wall
packer on the end of the bottom joint. The packer is set as nearly as possible
at the top of the sand section that is intended to be flooded, and from ten to
twenty sacks of cement are used to cement the packer securely in place. The
tubing is generally clamped to the conductor, the surface water string of
casing being usually pulled and a big hole plug placed at the casing seat, and
a meter box put over the hole with a flow meter enclosed so that all water
going into the well may be accurately measured. The intake wells are then
connected up to the water distribution system, which must be buried below
frost level to permit distribution during the winter months.
The oil wells are completed in a similar manner as the water intake wells
except that the tubing is not cemented in the hole. Pumping is ordinarily
done by band-wheel powers and Oklahoma-type pumping jacks. The oil and
such water as is produced during the later life of the flood are run into small
receiving tanks where the oil production is gauged and the water siphoned
off, and the oil then run into the stock tanks on the lease.
Pumps of the vertical triplex type are generally used for distributing
the water to the intake wells, but on some larger properties in the Bradford
field centrifugal pumps have been installed. Power for running the pumps
and band wheels is ordinarily supplied by single cylinder two- or four-cycle
gas engines. Where there is a shortage of gas, multi-cylinder gas engines of
the four-cycle type may be used, resulting in a much lower fuel consumption,
and where there is any fuel shortage, Diesel engines or electric motors must
be used.
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OPERATION OF WATER-FLOOD PROPERTIES
After the development work on a property is completed, the water is
simultaneously turned into the intake wells, generally with no extra pressure
in excess of the weight of the water in the tubing. As the sand becomes
more nearly saturated with water, it is usually customary to increase the
pressure gradually since more energy is required to move the larger volume
of fluid in the sand. After the water has been going into the sand for a
varying period of from four to eight months, depending on the well spacing
and the physical properties of the sand, an appreciable increase in oil pro-
duction occurs which ordinarily reaches its peak from 16 to 18 months after
the water has been first introduced into the sand. In closely-spaced floods,
the peak of production is very sharp with a correspondingly rapid decline in
oil production and increase in water production after the peak of oil produc-
tion has been reached, whereas in widely-spaced floods, the peak is not so
prominent and the decline much slower.
Under normal conditions, the operation of water flood properties is
comparatively simple, and outside of the usual maintenance of wells and
equipment, requires a minimum amount of labor. After the depletion of
the property, much of the equipment can be salvaged, and it is customary
to use this material over and over again on other nearby or adjacent floods.
The only outstanding recent improvement in production technology in
the Bradford field is the back-pressuring and flowing of the producing wells,
rather than pumping. It is possibly too early as yet to state definitely how
the results from back-pressuring and flowing the oil wells will compare with
normal flooding operations, but it is indicated that the oil recovery will be
approximately the same, and it is certain that the operation of properties by
this method will reduce development costs very materially, since pumping
equipment is not needed.
The application of back-pressuring and flowing methods to a property
merely represents the utilization of the water pressure to flow the wells.
After the sand becomes saturated with fluid by the introduction of water, a
condition of hydraulic control exists in the sand. That is, the pressure
applied at the intake well is transmitted throughout the entire sand body,
being only diminished by the frictional resistance to fluid movement encoun-
tered in the sand. The amount of water required to fill completely the pore
spaces of the sand can be approximately calculated from the analyses of
cores, and when this point has been reached, the pressure at the intake wells
is increased sufficiently to raise the fluid level in the producing wells to the
point where they will flow. In back-pressuring, the wells may be flowed
openly up to the amount of oil desired, or the oil may be produced through
small chokes, thereby maintaining constant production while at the same
time keeping a back-pressure on the sand at the producing wells.
WATER-FLOODING OIL SANDS 43
One other production method which has found rather wide application
in the Allegany fields, and which has been used to a smaller extent in the
Bradford field is the use of the delayed system of drilling the oil wells in
water-flooding operations. The application of the delayed system of drilling
the oil wells came as a logical improvement to the methods previously em-
ployed for increasing the recovery of oil. The utilization of this method was
originally planned as a means for controlling a definitely known and very
troublesome sand condition, but subsequently it has been applied in uniform
sand areas with satisfactory results. All data so far obtained indicates that
the delayed drilling of the oil wells will increase the effectiveness of water-
flooding operations, providing the water is introduced into the sand uni-
formly through each intake well and thereby does not concentrate the oil off
center in the five-spot square.
The first delayed flood was tried on a property in the Allegany field,
where old drilling records showed a very good sand section, but on which
water-flooding had yielded very poor returns. A study of cores of the sand
from this property showed that the lower part of the sand, comprising some
four feet, was highly permeable, and that the upper main section was rela-
tively tight, although well saturated with oil. The cores also showed that
the water introduced into the sand had been moving almost exclusively
through the lower^ highly permeable part, without affecting the upper part.
This condition was responsible for rapid water movement into the producing
wells with an average oil recovery of only about 1,300 barrels per acre.
It was conceived that if the drilling of the oil wells could be delayed, and
if a constant water pressure maintained at the intake wells, the water, hav-
ing no outlet, would begin to flood the tighter parts of the sand after the
looser parts had been thoroughly saturated with fluid. The method was tried,
and it was found that this very thing happened. The oil was apparently first
concentrated near the center of the five-spot square in the lower highly per-
meable member, and then was concentrated in the same manner in the tighter
main body of the sand. Oil recovery was increased to slightly over 4,000
barrels per acre, thereby changing what had been a distinct failure to a fairly
profitable operation.
Following the success of the first delayed flood, several other delayed
floods have been started, some of them being located on properties where far
more uniform sand conditions exist than were found on the property where
the first experiment was carried out. None of these floods has as yet been
depleted, but the production data so far available indicate the oil recovery
will be increased approximately 20 per cent over that which would have been
obtained by conventional methods of operation, and that the water produc-
tion has been materially reduced.
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The production from delayed floods corresponds much more closely to
natural production than does the production from conventional water-floods.
Unless the producing wells are flowed by the back-pressuring and flowing
method, the largest production will be obtained immediately after the oil
well is drilled. The production then declines as oil is removed from the
sand, and water eventually comes into the hole, but it has been found that
the appearance of water is considerably delayed beyond the time it would
normally appear, and usually does not show up until a greater part of the
recoverable oil has been obtained, thereby reducing lifting costs.
APPLICATION OF ELECTRICAL WELL LOGGING
In November, 1936, the Schlumberger Well Surveying Corporation of
Houston, Texas, stationed an experimental party in the Bradford field to
ascertain whether measurements of the physical properties of oil sands such
as porosity, permeability, and saturation could not be made by electrical
logging devices as well as by core analyses, the latter being heretofore the
only known method of obtaining this most valuable and necessary informa-
tion. The research undertaken by Schlumberger is by no means completed,
but the information so far obtained has indicated such a practical applica-
tion to water-flooding that no discussion would be complete without setting
forth some of the results which have been obtained. The Schlumberger Well
Surveying Corporation has most generously made available to the writer, for
the purpose of this paper, much data including a report prepared by its engi-
neer, W. J. G-illingham. The writer summarizes the data that have been
furnished, and in part quotes directly from Gillingham's report.
Electrical log records afford the easiest and most accurate means of
formation correlation yet obtainable. In the Bradford field, and in fact in
most of the Appalachian oil fields the large number of wells drilled and the
general consistency of the formations have made the correlation of beds and
formations between wells in any one field a relatively simple matter. It has
been found, however, that by combining the resistivity diagrams and the
spontaneous electrical phenomenon effect diagrams, the latter being generally
called the S. P. effect, that it is possible to distinguish very closely between
interbedded oil sands and shale beds thereby giving a quick and accurate
measurement of the total sand thickness in any well. Appalachian oil sands
usually show a high resistivity and S. P. effect, while shales show minima
on both diagrams. This is nicely illustrated in figure 11 where a log obtained
by coring is plotted beside a log from the same well, determined from a
careful examination of the resistivity and S. P. effect curves. It can be
readily seen how the electrical log picks up the shale breaks, and shows the
thickness of every sand bed even more accurately than the core log, owing
to the elimination of errors brought about by the loss of core and in core
measurement.
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Figure 11.—Graphical comparison between a core log and electrical log for a well
located in the Bolivar field, Allegany County, New York.
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From the foregoing it should be quite evident that electrical logging
surveys of wells already drilled on unflooded properties or otherwise untested
new fields will give most valuable information regarding the actual thickness
of pay sand, as well as indicate some of the sand's more important physical
characteristics, without going to the cost and time of drilling test wells and
taking cores. By making several electrical surveys on old wells not only can
the exact thickness of the sand and shale be determined, but also an idea of
how sand conditions are varying all over the property or throughout the field
can be obtained. By this means it can readily be decided whether or not the
property or field is even worth coring, and if so the best locations for core
wells can be selected.
The spontaneous electrical phenomenon or S. P. effect, previously referred
to, is due to two causes, electrofiltration effect and electrochemical action.
When an electrolyte is caused to flow through a permeable medium an
electromotive force occurs between the two sides of the medium. This EMF,
which is called the electrofiltration effect, is proportional to the pressure, to
the electrical resistivity of the filtering fluid, and inversely proportional to its
viscosity. If two solutions of different saline content are in contact, an
electromotive force is generated by the interchange of ions, and this EMF is
called the electrochemical action. Thus if fresh water is introduced into a
well and is brought in contact with salt water in the sand an electromotive
force is generated. Usually both phenomena have the same sign, negative,
and add together. The resulting S. P. effect measured is the sum of the two.
Both phenomena are occurring in front of a permeable saline-bearing sand
when fresh water is being introduced into it, so that a peak of electromotive
force is usually recorded on the diagram whenever porous and permeable
formations are encountered.
The electrofiltration effect gives a measure of the amount of water enter-
ing the sand at the position where the recording device is located, and
hence, since the sand body will be under a constant hydrostatic pressure,
providing the hole is kept filled with water, will give some idea of the
permeability. Unfortunately, however, the EMF recorded by the S. P. dia-
gram includes both the electrofiltration effect and the electrochemical action.
It is, however, possible to eliminate the effect of the electrochemical action,
and thereby give a more accurate determination of the sand permeability, by
making two runs of the recording instrument under different hydrostatic
press tire. The electrochemical action is the same in each case, and the
difference between the two readings therefore will depend solely on the
electrofiltration effect. Since measurements are made continuously, this
parameter can be measured throughout the sand body. The measurements can
be readily made in the field with different water pressures applied to the sand,
and thereby the S. P, and the S. P. differential, hereafter referred to as the
S. P. I)., can be plotted.
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Figure 12.—Electrical log of a well in the Bradford field showing how gas pay
and oil pay in the sand may be differentiated.
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In figure 11 the "electrical permeability", or more accurately the S. P. D.,
shows a very close agreement with the permeability determinations obtained
from core analyses, excepting in the very loose streak in the lower part of the
sand. From experimental evidence it has been ascertained that a sand of
very low permeability but having a high oil saturation will fail to show any
S. P. D. on the electrical diagram, whereas if the oil saturation is low a dis-
tinct S. P. D. will be obtained. The reason for this may be readily explained
by the fact that a large volume of oil in a highly porous sand will certainly
modify to some extent the manner in which the sand will take water. The
S. P. D. diagram indicates most conclusively that the water, in the instance
referred to, was not moving into the highly oil-saturated beds at the rate it
would normally travel were the beds free from oil, or only partially saturated.
It undoubtedly would require a series of tests after the water had been moving
into the sand for some time to definitely determine the S. P. D. throughout
the entire thickness of the sand body. The important feature that is indi-
cated by figure 11 is that when water is first introduced into an intake well it
will commence to move most rapidly through the beds of lowest oil content.
The fact that the electrical log shows the moderately permeable but highly
saturated zones as impermeable members might appear to be a serious draw-
back; actually in some cases it is a distinct advantage. This is particularly
true in detecting the presence of gas pays in the sand which must be packed
off to permit effective flooding action in the oil saturated parts. Since the
gas pay will take so much more water than the oil pay its presence may be
easily recognized on the electrical log on account of the large S. P. D. gener-
ated. Figure 12 gives an actual example. The section from 1,675 to 1,691
shows a very large S. P. D. on account of it being a barren gas pay. The
moderately permeable section from 1,691 to 1,700 feet is well saturated and
therefore shows no S. P. D. The best packer point, around 1,691 feet, may
therefore be easily chosen. It is interesting to note that the electrical log
presented in figure 12 conforms very closely to the results shown in figure 11,
in that the two sand sections shown in figure 12, from 1,675 to 1,679 and
from 1,694 to 1,698, both have approximately the same permeability as indi-
cated from the results of the core analysis, but give an entirely different
S. P. D. diagram. On the upper low-saturated section a large S. P. D. is
obtained, while on the lower more highly saturated section, no S. P. D. can
be observed.
The relationship between S. P. D. capacity and actual water flow can
be easily proved from actual observations made in the field. In figure 13 the
results of an electrical survey of a well drilled into the Eichburg sand in the
Bolivar Field, Allegany County, New York, is shown. In this survey
urements were made at eight different pressures at the top of the sand
.* from 595 pounds per square inch to 1,295 pounds per square inch.
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The results of this series of tests indicate most conclusively that increasing
the pressure causes a steady increase in the S. P. The capacity in foot-
millivolts of the electrical diagram in relation to the pressures employed has
been computed and plotted as shown in figure 14. The straight line resulting
shows that the S. P. filtration effect is directly proportional to the pressure.
S.P. LOG
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DEPTH LOG
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Figure 13.—Electrical survey showing the effects of different water pressures on
the S. P. diagram in a well located in the Bolivar field, Allegany County, New
York.
In this same well, illustrated in figure 13, the actual water intake was
measured while the survey was in progress, and in figure 15 the capacity has
been plotted against water intake. Here again the relationship is actually
linear, showing that the S. P. D. or electrical permeability is directly propor-
tional to the actual water intake. This being the case there seems to be no
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question but that electrical logs can give a very accurate picture of fluid
movement into the sand body.
In this particular well, first shown in figure 13, the S. P. D/s of some
of the individual sand sections have been plotted against varying pressures,
as illustrated in figure 16. Lines of different slant are obtained according to
the different permeability of each individual sand bed, and it will be noted
that they do not exactly fall in regular order. Although it might be generally
expected that sand beds of higher permeability will take more water than beds
1400
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Figure 14. -Relationship between pressure at the top of the sand and
electrical capacity in foot-millivolts.
of lower permeability, it would appear from the electrical log data that the
relationship is not a linear one ; i. e., input is not directly proportional to
permeability.
Up to the present time no definite correlation can be shown between the
resistivity diagrams and oil saturation in electrical surveys of wells in the
Bradford and Allegany fields. The reason for this apparently is because
of the fresh water used in flooding. Fresh water is very resistant, and a sand
partially or entirely filled with fresh water may show as high a resistivity as
a sand saturated with oil.
'I'll'' fact that by a modification of the regular electrical well-surveying
procedure an accurate measurement of fluid flow into the sand can be obtained
means that much of the data that could formerly be obtained only from core
analyses can equally well be obtained by electrical surveys. For example,
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it ^s long been a controversial point as to what is the minimum sand per-
meability that can be effectively flooded. Usually 1 millidarcy has been
accepted as the lowest floodable limit, but in figure 17 the electrical W
conclusively shows that except for the section of Ld from 1,^3^
which had an average permeability of 0.1 millidarcy, the entire sand body'was bemg flooded notwithstanding the fact that laboratory analyses showedthat 50 per cent of the sand had a permeability of less than 1 milHdarcy
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Figure 15.-S. P. D. capacity in foot-millivolts in relation to waterinput in barrels per day.
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well through which the water is coming. This instrument consists of a
photoelectric cell and a light bulb which is lowered into the hole, and between
which the fluid in the hole is forced to circulate. Any variation in the trans-
lucency of the fluid in the hole is shown by the photoelectric cell.
To use the Dale apparatus the well is first conditioned by filling the hole
with an opaque fluid, usually muddy water, and then running the instrument
through it down to the level of the producing sand, and thereafter gradually
100 200 300 400 500 600
SURFACE PRESSURE LBS. PER SQ. IN.
700
Figure 16. Relationship between S. P. D. in millivolts and surface pressure for
individual sand beds of varying permeability.
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lowering it as readings are taken. As water niters in from any particular
bed and dilutes the opaque fluid rendering it translucent, the instrument
records an anomaly, and therefore defines exactly the point in the sand
through which the water is traveling. Measures may then be taken to plug
off the offending sand member and thereby reduce lifting costs materially.
The results so far obtained clearly indicate that electrical surveys may be
most advantageously employed in water-flooding operations. The problem
of accurately measuring the oil saturation of the sand remains to be solved,
but the utility of electrical logs for determining other important physical
characteristics of the producing sand is already so evident and can be so
easily made that electrical surveys will undoubtedly be very widely employed
in future operations both in the eastern fields, and in new water-flooding
projects in the mid-Continent region.
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Figure 17 —Electrical log of a well drilled to the Stray sand in the Bolivar field,
Alleghany County, New York, showing flooding action in sand beds possessing
a permeability of less than 1 millidarcy.
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CONCLUSION
The estimated natural production of the Bradford field has been slightly
over two hundred million barrels of oil. It is conservatively estimated that
water-flooding will provide a total additional recovery of somewhat over three
hundred million barrels of oil. At the present time, about one hundred
million barrels of crude have been produced from the field by flooding oper-
ations, leaving an amount practically equal to the entire natural production
of the field yet to be recovered. In other words, the application of water-
flooding to the entire field may be expected to recover at least one and one-half
times as much oil as was yielded by natural production over a period of almost
seventy years. On individual properties this increase is sometimes substan-
tially greater, the recovery by water-flooding being as high as twice the
amount produced by natural production. Such being the case, it can be
stated with little fear of contradiction that water-flooding has proved to be
the most important agent of conservation of this nation's oil resources,
insofar as its application to the older fields is concerned, that has ever been
developed.
Water-flooding operations come more closely to corresponding to manu-
facturing industry than any other part of the business of producing oil does.
It is possible to estimate quite closely the amount of oil that can be recovered,
and land and development costs may be accurately determined in advance
of any development. The only unpredictable factor is, of course, the price
that can be obtained for the product, and it should be apparent to all that
this is an uncertainty that is inherent to almost every other line of business.
RECENT DEVELOPMENTS IN WATER FLOODING
IN ILLINOIS OIL FIELDS*
By
Fbederick Sqdiees
Associate Petroleum Engineer, Illinois State Geological Survey
Will water power revive our oil sands ? To answer this question evidence
of natural floods on the McClosky, an artificial flood at Carlyle and acei-dental floods at Allendale will be presented.
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Figure 18.
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between any true sand, and McClosky lime, by the absence or presence of
carbon dioxide in the casing-head gas of the tested well. Identification of
St. Francisville as McClosky and therefore 250 feet higher than previously
believed to be the case, gives considerable structural significance to the area.
In three cases out of four, water invaded from high on structure directed
there by greater permeability.
Floor characteristics of the McClosky are these : Water travels fast, oil
production is always benefitted. Only part of the area has been flooded.
Therefore, the obvious deductions are (1) that the remaining McClosky
should be intentionally flooded; (2) that this can be done without new drill-
ing, by using alternate wells for flooding and pumping; and (3) that recov-
eries, if at all like natural floods, will amount to millions. Repressuring with
gas or air should also be tried.
Figure 19.—Applied flood at Carlyle pool, showing comparison of
flooded area to total area.
CARLYLE
An applied flood is being developed by the Ohio Oil Company which is
intended ultimately to cover the whole Carlyle pool of eight hundred acres
(fig. 19). The structure, an outline of the producing area, and the wells are
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shown. The field has produced 3,500 barrels of oil to the acre and the wells
have an average age of 25 years. Considerable water has been produced with
the oil. The average initial production of 50 barrels per well has declined
to one. The average sand thickness is 17 feet. The developed field has 190
wells, of which about half are still pumping. Experimental air repressuring
has been tried. The wells are now being gas-pumped to increase the scanty
gas supply, oil engines replacing gas engines for power. Such was the situa-
tion when flooding began.
A half million barrels of water have been pumped in, under pressures up
to five hundred pounds, plus a static head of a thousand feet. The greatest
input is about a thousand barrels a day.
Figure 20.—Occurrence of Biehl sand and floods in the Allendale field.
Water distribution in the sand is proportional to the size of the colored
circle around each input well. Each circle indicates the total amount pumped
into that particular well. The sand, at 15 per cent porosity, would have 2%
feet of voids and each circle represents the area of the top of a cylinder, 2!/2
feet high, which would accomodate the total water-input. The large circle
indicates the top of a cylinder that would contain all the water pumped into
the; whole property, and the smallness of this circle, compared to the total
area of sand, explains the slowness of results.
A comparison of fluid levels in 1933 and 1937 shows that there has been
an average rise of fifteen feet and a similar comparison of pumping time
shows a 25 per cent increase. This operation, covering considerable time, has
returned only 600 barrels of water per acre into a sand from which has been
taker out 3,500 barrels of oil.
ALLENDALE
Figure 19 shows the most significant happening in the old Illinois field.
The map shows the field, its structurefloods on the Bieh] sand at Allendale.
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and wells. The discovery well was completed in 1912 and by 1926, 200 wells
had been drilled, followed by an equal number up to now. Three hundred
are still pumping. These wells have an average age of fourteen years and
an average production of 2,500 barrels to the acre. The average initial pro-
duction of 70 barrels a day had declined to two barrels. The average thick-
ness of the sand is 29 feet, which yields little salt water. It is almost gas-
less and is gas-pumped to increase the fuel supply, but in most cases the power
is obtained from oil engines. Repressuring has been tried on two properties
with good results. Such is the picture of Allendale when flooding began.
Conditions at Allendale illustrate how water, when it breaks through the
pipe which cases off the water sand, rises in the well to an average height
of 1,200 feet and floods the Biehl sand under an average pressure of nearly
600 pounds. The volume of water entering the Biehl sand is, of course,
unknown.
The direction of the water movement from well to well is shown on the
sections through the sands, and demonstrates that permeability, not structure,
is the controlling factor. The Biehl varies in thickness, but the flood often
chooses the direction of thinning rather than thickening sand. Many floods
go faster up structure than down. The average rate of travel is one loca-
tion in three months, about the same as observed in the McClosky at the be-
ginning of water invasion.
To date, no flooding well has influenced the oil production of more than
a single pumping well, except on the Jake Smith and Alice Biehl leases.
There a deliberate flooding program has been adopted, and several flooding
wells are being used to move oil to each producing well from several direc-
tions simultaneously.
Figure 21 is a set of graphs showing the oil production resulting from
six floods. They illustrate four conditions: (1) flood production increas-
ing; (2) flood production past its peak and declining because the pumping
well is making an increasing amount of water; (3) flood production declin-
ing because the motive power has been shut off by plugging the water well
;
and (4) flood production reaching its peak and declining to nothing, be-
cause the pumping well has been abandoned.
These graphs show productions totalling over 58,000 barrels with three
curves still going up and only one back to normal, but even under these con-
ditions, there is an increase of more than 6,000 barrels each for the nine wells.
If the whole field of 300 wells was flooded, with alternate flooding and pump-
ing wells, and the same rate of increase held good, the field would produce
a million barrels of oil. This does not take into consideration the oil recov-
ered from water drives which would operate on every pumping well from its
other three sides.
The grave fault of Allendale flooding is uncontrolled water. In the
flooded-out well shown on the graph the oil came, down-dip, into the pump-
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ing well too fast to be pumped out. An advantage is that, like the
McClosky, the sand is so permeable that new drilling is unnecessary, result-
ing in the most profitable of all flooding programs.
Water is available from the nearby Wabash Eiver and in parts of the
field from inexhaustible water-bearing gravel beds. All operators in the field
are sold on water flooding for a final clean-up. Experience has shown the
great necessity for a systematic program of controlled flooding for the whole
field.
Will water revive our oil sands? Illinois is a water-power field. Acci-
dental floods have been uniformly successful. Natural floods are everywhere
welcomed. A few years ago Bradford water-flooders, unable to expand longer
on their home grounds, hunted for and found flooding territory in Kansas
and Oklahoma. The very trains that carried them through Illinois rumbled
over today's greatest oil play ! Perhaps that's just the lesson needed to direct
attention of operators to today's greatest flood play. When Noah heard
rumors of a flood, he did something about it!
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Figure 21.—Graphs showing flood production from the Biehl sand,
Allendale.
STATE REGULATION OF OIL AND GAS PRO-
DUCTION FOR THE PREVENTION OF
PHYSICAL WASTE
By
William Bell
Bell Brothers, Robinson; President, Illinois-Indiana Petroleum Association;
and Representative of Governor Henry Horner on the Interstate
Oil Compact Commission
Persons disliking unregulated financial or business conditions they find
uncongenial refer to them as being controlled by the law of the jungle where
tooth and claw rule and might is right. On the other hand, if regulation
exists, some must resent that and allege strait jacket methods, strangulation
of natural and normal business life, and the death of personal initiative.
In the oil producing business we are learning some important facts grow-
ing out of the magnitude of our country and of our industry. Until a com-
paratively recent time the oil producer prided himself on his rugged in-
dividualism, with everyone taking care of himself. But the time came when
most oil producers found that that principle had about put them out of busi-
ness and they began to yearn for control and supervision centered somewhere.
Producers found that certain rugged individuals had become rugged enough
to largely control the situation in their own favor, at the same time ignoring
the interests of other producers and the public. Conservation authorities, as
well as producers, became alarmed at the narrow, selfish attitude of certain
States and the ruthless actions of certain producing interests. Conditions in
the industry, during the period referred to, were so bad that there were
numerous meetings and conferences for the purpose of developing plans which
would result in better conservation of our petroleum resources and the
stabilization of the petroleum industry. A conference of conservation interests
was held at Colorado Springs in June 1929, and in March 1933, a conference
of governors of oil producing states was held at Washington for the purpose
of starting a movement to control production of petroleum and prevent the
taste then occurring. Out of that developed a committee of fifteen which
submitted a report, recommending a program to the President. Based on
these recommendations, the President wrote a letter to all the governors of
the oil producing states under date of April 3, 1933, requesting them to take
such action as necessary to carry out the recommendations and stating that
[61]
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he was prepared to recommend to Congress legislation prohibiting the trans-
portation in interstate and foreign commerce of any oil or products thereof
produced or manufactured in any state in violation of the laws thereof.
In August, 1933, the petroleum Code under NRA was established and
for a time the industry operated under a form of control by the Federal Gov-
ernment. Later Supreme Court decisions pointed out in unmistakable terms
that production could not be controlled by Washington, that mere production
was not commerce, and if mere production be not commerce, that it follows
that mere production cannot be rightfully termed interstate commerce; and
therefore mere production is not a matter of Congressional concern since
Congress just does not have the power delegated to it to control mere produc-
tion. That right and that duty belong to the State alone. When it became
clearly apparent to the oil industry that Federal control was neither consti-
tutional nor desirable, sensible, thoughtful people of the industry began to
cast about for some method to do all that could be done toward conservation
in a legal, constitutional way. The "Interstate Compact", or "Treaty among
the States", method was pointed out by Governor Marland of Oklahoma as
being the proper method to pursue.
During the latter part of 1934 representatives of large oil producing
states, under the leadership of Governor Marland of Oklahoma and Governor
Allred of Texas were endeavoring to establish an agreement among oil pro-
ducing states and at Dallas, Texas, on Feb. 16, 1935, an Interstate Oil Com-
pact was executed by the Governors of Oklahoma and Texas and qualified
representatives of the Governor of New Mexico. Attending this conference
and agreeing to recommend the Compact to their legislatures and governors,
were representatives of Colorado, Illinois and Kansas. Later these States
joined the Compact by appropriate legislative action. All the states, before
the expiration of the two years provided for in the original Compact, have
acted to extend the Compact for another two years from September 1, 1937.
Both the original and the extension were promptly approved by Congress and
the President.
The organization of the Interstate Oil Compact was most timely because
in May, 1935 the Supreme Court ruled that the N E A was unconstitutional,
thereby removing Government control under the Code. The Interstate Oil
Compact was then functioning smoothly and efficiently. Instead of panic and
chaos in the oil business because of the decision removing Government con-
trol, there was no period whatever of uncertainty or unsettlement and no bad
effects followed that Court decision. Business in petroleum went placidly on
relying confidently on the Compact, and results fully justified that
confidence.
Colonel E. 0. Thompson, the Chairman of the Interstate Oil Compact
Commission, an international authority on petroleum problems, has said in
reference to the Compact: "Those who drew the Compact had been through
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a maze of legal difficulties, both at the Court House and in Washington inhe Congressional Halls; and when the Compact was drawn, thev made cer-
tain to set out in the Compact or Treaty, in Article II, that the purpose ofhis Compact is to conserve oil and gas by the prevention of physical waste
thereof from any cause, it being the idea and the deliberate opinion of those
who drew the Compact that state authority, particularly in some of the oilproducing states, could not go further than to prevent the actual phvsical
waste m the production of oil and gas." It was therefore set out simply in
Article III, that the states who signed the treaty or any state that should
come in at a later date, would enact laws, or if the laws had already been
enacted, then they would agree to continue the same in force, to accomplish
within reasonable limits the prevention of:
itl Be °Perati011 of any oil well with an inefficient gas-oil ratio.(b) The drowning with water of any stratum capable of pro-
ton ThTT^bi °r gSS' °r ^°th, 0il and «as in PayinS quantities.(c) he avoidable escape into the open air or the wasteful burn-mS of gas from a natural well.
(d) The creation of unnecessary fire hazards
(e) The drilling, equipping, locating, spacing or operating of
a well or wells so as to bring about physical waste of oil
it\ rr?
r gas or loss m the ultimate recovery thereof
(1) the inefficient, excessive or improper use of the reservoir
energy m producing any well.
The enumeration of the foregoing subjects shall not limit the scope of
the authority of any state. Article V of the oil states' treaty was written as
a result of much study of the law and the cases to the end that the oil states'
compact commission would never be used, directly or indirectly, for the pur-
pose of making oil scarce in order to make it dear. Therefore, 'i think it well
at this time to quote Article V in full. Here it is
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In carrying out this plan, the states have incorporated in their laws
various Provisions to prevent waste, as for instance in the New Mexico actSection 1, reads "The production or handling of crude petroleum oil or
natural gas, or the handling of products thereof, in such a manner or under
Kb^hrbitedV
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Section 2 As used in this act, the term "waste," in addition to its
ordinary meaning, shall include:
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spacing, drilling, equipping, operating or producing, of any well or
wells in a manner to reduce or tend to reduce the total quantity of
crude petroleum or natural gas ultimately recoverable from any pool.
(b) "Surface waste" as those words are generally understood
in the oil business, and in any event to embrace the unnecessary or
excessive surface loss or destruction without beneficial use, however
caused, of natural gas, crude petroleum oil or any product thereof,
but including the loss or destruction, without beneficial use, resulting
from evaporation, seepage, leakage or fire, especially such loss or
destruction incident to or resulting from the manner of spacing, equip-
ping, operating or producing, well or wells or incident to or resulting
from the use of inefficient storage or from the production of crude
petroleum in excess of the reasonable market demand.
(c) The production of crude petroleum oil in this State in excess
of the reasonable market demand for such crude petroleum oil.
Such excess production causes or results in waste which is prohibited
by this Act. The words "reasonable market demand" as used herein
shall be construed to mean the demand for such crude petroleum oil
for reasonable current requirements for current consumption and use
within or outside the state, together with the demand for such
amounts as are reasonable necessary for building up or maintaining
reasonable storage reserves of crude petroleum oil or the products
thereof, or both such crude petroleum oil and products.
This New Mexico law is considered one of the best and the petroleum
conservation laws of other large producing states are excellent and well
adapted to the needs of their respective states.
Illinois will have the benefit of the experience of these other states and
can study their laws when ready to adopt legislation of its own. The State
has been a member of the Interstate Oil Compact practically from the begin-
ning and has given its support to the Compact's objectives in every way pos-
sible to it, being deeply interested in the results sought by the Compact both
as producer and consumer of petroleum. Our treaty with the other oil pro-
ducing states binds us in effect to provide, within a reasonable time, appro-
priate laws for accomplishing the purposes of the Compact in this State in
cooperation with the other states. The reason we now have no such laws is
that, in the early part of the century, when we had large flush production,
control measures of the present nature had never been dreamed of. In the
meantime our production has declined to the stripper stage such laws were
not needed.
Now that new fields are being developed in Illinois, serious consideration
must be given to these changed conditions. The high character of those who
represent the producing interests in our new fields leads us to believe that they
will cooperate closely along the lines set up by the Interstate Oil Compact and
these other producing states. The record shows that Governor Horner is
deeply interested in these matters and that his policy for Illinois is real con-
servation of the State's natural resources and their best possible utilization.
Hence, we feel that we will have, at the proper time, the very efficient support
of our Governor in obtaining conservation legislation similar in purpose to
that enacted in other oil producing states, through which will be protected
the interests of the State, the industry, and the public.
CHANGING LEGAL CONCEPTS AFFECTING THE
OIL AND GAS INDUSTRY
By
Walter L. Summers
Professor of Law, University of Illinois
Due to the peculiar physical and economic facts of oil and gas thebusiness of producing and marketing them has always been something of aproblem child among the industries, from both a legal and an economic
viewpomt. Because of these facts, the struggle of the courts to determinehe nature of the landowner's legal interest in oil and gas and to determine
the legal relations between the landowner and lessee as fixed by the leasehas been long and arduous, and still continues. Unlike other businesses where'both supply and demand normally govern the amount of production, only
supply until very recent times, has governed the amount of oil and gasproduced. Unrestrained drilling and unlimited production in new fieldshave always resulted in periods of production in excess of market demand
and transportation facilities, with attendant physical and economic waste
Early m the development of the oil industry the legislatures of the
oil and gas producing states evinced some interest in the prevention ofphysical waste by acts requiring the plugging of abandoned wells, the casing
of wells, the shutting in of wells to prevent the escape of oil and gas, the
use of vacuum pumps, restrictions upon the production of gas, limitations
upon the use of gas and regulation of methods of drilling and operating
wells The growth of this policy of conservation of oil and gas through
legislative enactment has been a gradual one, and the particularization of
regulation has increased in some proportion to the increased knowledge ofthe physical facts of these substances. Originally, the enforcement of con-
servation statutes was left to the ordinary prosecuting officers of the county
although m some instances civil remedies were given to adjacent landowners
JAter, m the principal oil and gas states, commissions were created and given
authority to enforce the statutes and to make and enforce rules and regulations
tor the prevention of waste.
The intensive program of conservation through which the industry isnow passing received its original impetus from the letter of President Coolid^e
of December 19, 1924, creating the Oil Conservation Board. This letter was
cTllr!?Vn 7\f fe Peri°dS °f great ^-production, but the writera led attention to the fact that waste was taking place in the production ofOH and gas, and that a continued supply of petroleum and its products was
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vitally necessary to the common welfare and to the national defense. Various
committees representing the oil industry, the legal profession, and govern-
mental agencies set about to study the problem and suggest remedies for the
existing evil. Before anything of a beneficial nature was actually accom-
plished, successive discoveries of new fields in California, Oklahoma and Texas
resulted in another period of great over-production, with all of its attendant
evils. As a result, the concern expressed in President Coolidge's letter that
the supply of oil might soon be exhausted undoubtedly lost its urgency, but
a new urge for conservation arose from a glutted market and low prices.
During the last decade the legislatures of most of the principal oil and
gas producing states have amended and revised their conservation statutes
again and again, trying to find remedies for the prevention of physical and
economic waste of oil and gas. These statutes have redefined and classified
waste so as to include physical waste, economic waste, waste due to production
in excess of market demand, and waste of reservoir energy; have authorized
administrative agencies to limit production to market demand for the pre-
vention of waste, and to prorate such limited production among producers
from a common source of supply and between various sources of supply in
the state on some reasonable basis. Administrative agencies have been given
greater powers in the regulation of the business of production and marketing
;
the Federal Government has aided by prohibiting the transportation in inter-
state commerce of natural gas and petroleum produced in violation of state
conservation acts. If in one sentence the purpose of all this legislation could
be stated, it would seem to be to control and limit the production of oil and
gas for the prevention of waste, and at the same time give to each landowner
or his lessee the opportunity to produce their just and equitable share of the
recoverable oil and gas in any common source of supply. The existing
statutory provisions perhaps do not completely accomplish this. More com-
plete control of production is being sought through compacts between states.
In every phase of the search for proper conservation legislation during this
period—in hearings before legislative committees, investigations by the indus-
try and the legal profession, and in the thousands of law suits contesting the
validity of statutes, regulations and orders of administrative bodies—it has
been insisted again and again that the chief impediments to proper con-
servation measures have been the legal interests of the landowner respecting
oil and gas and the legal relations between lessor and lessee as established by
the early decisions of the courts.
The opponents of conservation, in contesting the constitutionality of
statutes and validity of regulations— for the time being, rugged indi-
vidualists—have set up these legal relations and interests and demanded
their protection under the Constitution. The conservationist, of whatev$
has looked upon these relations and interests with loathing, because
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they have thwarted him in his quest for the perfect conservation measure.
Both parties, for no very good reason, have dubbed these legal relations and
interests "the law of capture" ; to one the term is undoubtedly one of endear-
ment, to the other an epithet of hate. The conservationists have considered
and discussed various ways and means of ridding conservation legislation of
these impediments, but they have not examined these relations and interests
and the judicial process by which they were created for the purpose of
determining whether or not they really are obstructive forces. Such is the
purpose of this discussion.
The physical aggregate ordinarily designated "land", embraces more than
the surface and the soil immediately thereunder. In addition to these, it is
composed of various lesser physical aggregates such as air, light and space
above the surface; water and growing things on the surface; and water and
minerals, including oil and gas, beneath the surface. Any attempt to dis-
cover the nature of the landowner's legal interest respecting a distinguishable
part of this total physical aggregate should begin, perhaps, with the hypothe-
sis that one who has ownership or dominion over, or an absolute estate in, the
total physical aggregate bounded by vertical planes projecting through the
surface boundaries, extending upward to the infinite and downward to the
earth's core, has legal rights that all others may not enter within these boun-
daries, and legal privileges as against all others of doing as he pleases therein.
Such hyopthesis can never have been true in any legal system. It was an-
nounced long before situations arose by which its truth could be established and
before the growth of civilization and the increasing knowledge of man made
necessary the establishment of many legal principles proving its falsity. The
shadow of its apparent truth has only survived in the form of the euphonious
Latin phrase,, cuius est solum est usque ad caelam et ad inferos, to haunt and
misguide the unwary. To determine the nature of the landowner's legal in-
terests, in these distinguishable physical aggregates, it was long ago con-
cluded that they must be considered apart and on the basis of their physical
and economic facts. The law of property is often referred to as the con-
servative and backward branch of the law, yet the history of social progress
may be traced to the action of the courts, for the most part without the
aid of statute, in fixing the legal relations of the landowner respecting these
lesser physical aggregates. The law of nuisance, of riparian rights, of under-
ground and surface waters, of lateral and subjacent support, the landowner's
interest in solid minerals and in oil and gas, have all been established by this
process. The presently developing law of the air is the most recent illus-
tration.
When judges have been confronted with situations respecting those new-
physical aggregates, they all have not acted the same. Some have failed to
comprehend the factual situations, have resorted to false analogies, and have
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reached results whose only merit may be certainty. Others have had the power
of mind to see the economic and physical facts of the particular subject mat-
ter, and to formulate a social policy based thereon, but have not had the
mental courage to state plainly the reasons for their conclusions and have
struggled to the limits of logic to place their decisions on the basis of prece-
dent. Occasionally there have been judges who have analyzed the facts,
formulated the policy thereon, and have had the courage to give the real
reasons for their decisions.
When oil and gas became of commercial importance in this country and
courts were first called upon to render decisions which had the effect of de-
termining the nature of the landowner's property interest, there were no other
known physical aggregates having the same physical and economic facts. All
judges resorted to analogies with other physical subject matter for one pur-
pose or another, although none of these analogies were true. Oil and gas
were compared to solid minerals because they were said to be minerals and
beneath the surface, and from this analogy it was deduced that they were
subject to absolute ownership. They were compared to water because of theii
liquid nature, and from this it was concluded that the landowner had what
was termed a "qualified" ownership of them. They were compared to wild
animals because of their fugitive nature, and from this it was suggested that
they were not even a proper subject of property. This analogy is the genesis
of the capture terminology. The ardent conservationist of today, acquainted
with all the known physical and economic facts of oil and gas, as disclosed
by scientific research and practical operations, has, no doubt, considerable
difficulty in understanding and appreciating the limited knowledge of the
judges respecting these facts. The principal physical facts of oil and gas,
with which the courts were familiar, were their liquid and volatile nature and
their chemical composition. From these facts it could be easily deduced that
they furnished no support to the surface, like solid minerals; they added
nothing to the productivity of the soil and the use and enjoyment of the land
for agricultural or residence purposes, like water; and that they were migra-
tory in character. Even their migratory character was apparently much over-
estimated. It is now a well-known fact that oil and gas do not migrate
from natural causes, but only do so when a well penetrates the structure,
causing a reduction of pressure at the point of the well opening, yet there
is language in some of the opinions indicating that the courts considered they
had the natural power to propel themselves from place to place within the
earth's structure.
Likewise, the courts were conversant with but few economic facts of oil
and gas. Because of their liquid character and chemical composition, their
economic values could be realized only throughout production. These values
or uses were for heat, light and lubrication. These were horse and buggy
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days, and apparently no one foresaw that with the perfection of the internal
combustion engine, oil and gas would become the principal source of the
world's motive power. Little thought was given to the extent of the supply
or the possibilities of its exhaustion, for these substances were not of suf-
ficient importance that their exhaustion would have crippled industry and
have been regarded as a national calamity.
It was with such knowledge of the economic and physical facts of oil
and gas that the courts in some of the early cases were asked to enjoin B
from pumping oil or gas, or from locating his wells near the boundaries of
his land because in so doing he would take some of the oil and gas from A ?s
land. It is true that these judges resorted to false analogies of oil and gas
to other substances to give some semblance of authoritative precedent to their
decisions, but their conclusions must have been based upon the simple logic
that if A can enjoin B from taking oil and gas because in so doing he may
take some of A's oil or gas, then B can enjoin A for a similar reason, and
most of the oil and gas must remain where nature placed it, to the injury of
A and B and society generally. If those courts had known the physical char-
acteristics of the oil and gas reservoir; that the chief propulsive forces in the
production of oil are the pressures of edge-water and the expansive force of
gas ; that a proper utilization of these natural forces by each operator, through
drilling methods, spacing of wells, and maintenance of back pressures, is
necessary to secure the greatest ultimate production of oil and gas by all
land owners within the structure; that drilling and production could be so
controlled that no unreasonable noncompensated drainage would occur and
that each landowner by such production methods would have the opportunity
to recover his fair share of the oil or gas within the structure without crowd-
ing his property line with wells to prevent their escape; does anyone believe
that they would have held that the landowner has absolute privileges of drill-
ing wells at any place on his land to take oil and gas, regardless of the fact
that much of the oil or gas so taken comes from his neighbor's land? But
with the facts they had before them, they had no justifiable basis upon which
to limit the privileges of the landowner or lessee in the method or amount of
oil and gas that he took from the land.
It is true that in some of the older cases the courts ignored the physical
facts of oil and gas as they were presented, and made erroneous decisions for
that very reason. Perhaps the most notable example of this is the Pennsyl-
vania case of Hague v. Wheeler. There the defendant threatened to open a
nonproductive gas well on his land, the effect of which would be to reduce the
pressure in the gas reservoir so as to prevent. the plaintiff, an adjacent laud-
owner, from marketing gas from his well. The evidence in this case disclosed
physical facts of gas upon which the court should have recognized the lega]
rights of the plantifi in the common structure under the land and the legal
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duties of the defendant not to violate those rights by waste of gas and injury
to the structure through an open well on his land. But the court, mislead by
its analogy of oil and gas to solid minerals, completely disregarded the
peculiar physical facts of gas, and refused to recognize any right in the plain-
tiff or duties in the defendant as to the method or manner of taking. Yet
in several other jurisdictions, where the physical facts have been made known
to the courts, they have recognized a common law duty of a landowner to
operate his land in the production of oil or gas so as not to injure the oil and
gas reservoir and prevent others from taking from the common source of
supply. It was in this group of cases that the courts established the rights of
each landowner in the common structure that others not injure that struc-
ture by their methods of production on their own lands, and established
duties in all operators not to waste oil or gas contrary to public interest. It
is upon these principles that the constitutionality of practically all conser-
vation legislation has been supported.
One may ask why the courts did not continue rendering opinions further
establishing legal relations of landowners respecting oil and gas, upon the
basis of further knowledge of the physical and economic facts. The answer
is simple—such cases were not presented. The policy of conservation was
growing, and as quickly as the increasing knowledge of these substances dis-
closed new methods of preventing waste, they were enacted into statute, as
society could not await the creation of these legal relations by the slow
judicial process, and the function of the courts became interpretative rather
than creative.
Suppose in the light of all of the existing knowledge of the facts of oil
and gas and of the physical characteristics of the oil and gas reservoir, and
in the light of the known judicial processes by which legal interests are
created, the cases which are said to have announced the so-called "rule of
capture" were to be retried today in any of the principal oil and gas states,
in the absence of any conservation legislation. That is, suppose A seeks to
enjoin B from drilling a well on his own land near the boundary of A's land,
and from operating the same to its full capacity. A shows, in support of the
injunction, that B, by drilling wells on his land in the center of drilling units
of certain acreage, limiting the production of such wells to a certain per cent
of their open flow, and by a proper utilization of the reservoir energy, will
secure his just and equitable share of the oil or gas from the common source
of supply, and will suffer no non-compensated loss from drainage through
wells on adjoining tracts. And suppose further that A clearly establishes that
by I lie drilling and unlimited operation of the proposed well, drainage from
A's land will take place, his rights will be violated by injury to the oil and
reservoir, and physical waste will result to the detriment of society.
Would I lie injunction be granted? One may well hesitate to predict what
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any particular judge might hold in such a case. The judge who has the
mental acumen to analyze the physical and economic facts as presented to
him and to see that the best interests of A and B and of society in general is
best served by a decree for the plantiif would grant such decree, and in so
doing would be merely proceeding along the path made by judges who have
for centuries kept the law apace with social progress. If this prediction is a
safe one, why worry further about the so-called "law of capture" in so far as
it is alleged to have been created m cases denning the legal relations of the
landowner respecting oil and gas ?
In determining the nature of the legal relations created by oil and gas
leases, the courts have been influenced by the same rudimentary physical and
economic facts of oil and gas upon which they first defined the landowner's
legal interest respecting them. From the basis of these facts may be noted
several other factors which influenced the formation and evolution of the
lease and its interpretation and construction by the courts. With the most
modern scientific methods of locating earth structures, it is impossible now,
as it was in the beginning of the oil industry, for anyone to know, prior to
actual drilling and production, of the existence and amount of oil or gas
within, or capable of being produced from, a particular tract of land. These
facts make it unwise from the standpoint of either the landowner or the pro-
ducer to contract for the sale of the oil and gas in the land for a present cash
consideration. Consequently the basic contract of oil and gas production, the
lease, was so framed as to permit the lessee to explore the land upon the pay-
ment of a nominal consideration, but in the event of production, both might
share in the proceeds. The principal consideration for which the lessor
executed the lease was the royalties or rentals payable on production. Out of
knowledge of the fact that oil and gas might escape or be taken by operations
on neighboring lands, and the further fact that the lessor could only receive
the consideration for which he executed the lease by production and the pay-
ment of royalties, the courts repeatedly stated that the predominant intention
of the parties to such leases was the testing and development of the land, and
that such leases should be so construed as to promote development and prevent
delay.
This policy of the courts, which may be termed the policy of production
or development, had its influence in the evolution of every important clause
of the oil and gas lease as it exists today. This influence is particularly notice-
able in the enforcement of express and implied covenants of the lease for test-
ing and development. If leases contained express covenants tor the drilling
of test wells, if such covenants were made conditions by express forfeiture pro-
visions, or. if they stated limitations upon which they would terminate Tor
failure to drill, the courts enforced them by judgments for damages or decrees
of cancellation. Where leases did not contain express covenants and conditions
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designed to force development, the courts implied them. The principal cove-
nants so implied were to drill test wells, to drill additional wells after dis-
covery in paying quantities, to drill offset wells to protect the land from
drainage, and to market the oil and gas produced. For breaches of these
covenants the courts gave a judgment for damages, or a decree for total or
partial cancellation of the lease upon the theories of inadequacy of legal reme-
dies, implied forfeiture, or abandonment.
The implied covenants of the lease, particularly the covenants to drill
additional and protection wells, required some standard by which to measure
their performance. In some of the early Pennsylvania and West Virginia
cases, the view was expressed that the lessee's pecuniary interest in the pro-
duction of oil and gas was such that his business judgment, exercised in good
faith, was a sufficient guaranty to the lessor of the proper performance of
these implied duties. But in other jurisdictions an objective test was pre-
ferred. Finally it became the established rule in a majority of the states
that the oil and gas lessee in the performance of the implied covenants of
the lease should do "whatever, in the circumstances, would be reasonably ex-
pected of an operator of ordinary prudence, having regard to the interests of
both the lessor and the lessee."
In many cases setting forth their reasons for implying covenants for
diligent operation, the courts have made statements to the effect that such
diligence is necessary for the "common benefit," "common advantage," or
"mutual interest," of the lessor and the lessee. From such language, stand-
ing alone, it might appear that the courts had in mind that the lessee should
so develop and operate the property as to secure the greatest ultimate pro-
duction of oil and gas, but when read in connection with the accompanying
language, these statements appear to mean no more than that both are to
gain by the production and sale of oil or gas before they are taken by ad-
joining owners.
In some of their opinions the courts have stated in detail such circum-
stances as should be taken into consideration by a jury in determining what
a reasonably prudent operator would have done in a given situation. It may
appear from these statements, such as the quantity of oil capable of being
produced from the lease, the market demand and means of transportation,
the extent and result of operations on the lease and surrounding lands, the
character of the oil sand, and the usages of the business that they should be
interpreted to mean that the lessee should so operate the premises as to secure
the greatest ultimate production of oil or gas, but construed in the light of the
known purpose of diligent operation so frequently and forcibly expressed by
the courts, I heir only purpose is to aid the jury in determining whether it
would be profitable for the lessee to drill and operate additional wells, the
profit to the lessor being assumed.
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This policy of the courts, enforcing development by lessees, has con-
tinued in unabated operation from the beginning of the industry with little
apparent regard for the conflicting policies of conservation. The same judges
which have interpreted oil and gas leases have passed on the constitutionality
of conservation legislation. They are fully aware of the physical and economic
facts of oil and gas. They have repeatedly recognized the correlative rights
and duties of landowners and lessees in an oil and gas reservoir, and that
such rights should not be violated by improper drilling and production
methods. But when some of these same judges have before them the question
of enforcement of implied covenants of a lease to drill additional and pro-
tection wells, they seem totally oblivious of the policy of conservation. In
theory, at least, this conflict in policy is such that a judge may find himself
in the anomalous position of one day forcing a lessee to drill and operate a
well, if the jury decides that such well could be reasonably expected to yield
a profit over and above the cost of drilling and operating, and on another
day punishing the same lessee for the violation of a statute or regulation
forbidding the drilling and operating of the same well.
The conservationist may well complain that the legal relations between
the lessor and the lessee, as established through the interpretation of the
lease by the courts, present a serious hindrance to conservation. It is believed,
however, that the courts themselves can and should remove these hindrances!
They implied covenants in leases for development, measured their performance
by objective standards, and enforced their performance for the avowed pur-
poses of serving what they conceived to be the best interests of the lessor and
the lessee, and through them the best interests of society generally. It now
appears that the forced drilling and operation of a well merely because it is
expected to produce oil or gas in paying quantities, is contrary to the best
interests of the lessor and the lessee because it may injure the oil and gas
reservoir, preventing the greatest possible ultimate recovery of oil or gas
therefrom, and violating the rights of other landowners, and is contrary^
the best interests of society because it often results in physical and economic
waste. The courts have the power, and in the light of modern knowledge
respecting the physical and economic facts of oil and gas, they have the
duty to effect some changes in the legal relations between the lessor and the
lessee. If, instead of holding that a lessee owes his lessor the duty to drill
and operate a well when it may be reasonably expected that such a well will
produce a profit, the court holds that the lessee owes his lessor the legal duty
and also has the legal privilege to drill and operate wells on the premises a1
such times, in such locations, and in such a manner as to secure the greatest
ultimate production of oil or gas without waste or injury to the oil or gas
reservoir, the interests of the lessor and the lessee would be better served, and
the prevention of physical and economic waste more easily accomplished.
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Such a change in the legal relations between the lessor and the lessee
would by no means remove all of the obstacles to proposed conservation legis-
lation. It would not remove the constitutional objections to compulsory unit
development, but if every lessee owes his lessor the duty to drill and operate
the land by the best known practices for the prevention of waste, and every
lessor cannot object to the observances of these practices, voluntary agree-
ments for unit development can be more easily accomplished.
ECONOMIC ASPECTS OF THE HEATING
OIL MARKET*
By
Walter H. Voskuil
Mineral Economist, Illinois State Geological Survey
The quantity of fuel oil used for domestic heating in the Illinois fuel
area in 1936 was 25,282,000 barrels, divided as follows among the states:
State Barrels
Illinois 11,505,000
Indiana 1,487,000
Wisconsin 3,117,000
Minnesota 3,439,000
Iowa 1,207,000
Missouri • 4,527,000
Total 25,282,000
The principal areas of consumption are near the refineries such as the Chicago
area, St. Louis, Kansas City, or in Wisconsin and Minnesota cities accessible
by rail and water transportation.
In addition to the use of fuel oil, there is a considerable consumption of
so-called range oils for cooking and for use in small, portable heaters. This
particular type of oil is becoming exceedingly popular if judged by the rate
of growth of consumption in recent years. From a national consumption of
3,000,000 barrels in 1930 it has increased to 27,292,000 barrels in 1936. It
is used most abundantly in the New England States but is rapidly finding
increased markets in the Middle West also. Total consumption in the states
comprising the Illinois fuel market area was 593,000 barrels in 1934,
1,111,000 barrels in 1935, and 1,505,000 barrels in 1936. The total quantity
of oils used in commercial and domestic heating and for cooking in the
Illinois coal market area amounted to 26,787,000 barrels in 1936. Consump-
tion of heating oils in the United States in the meantime has risen from
43 million barrels in 1930 to approximately 100 million barrels in 1936.
Trends in Consumption.—Consumption of heating oils in the Illinois
coal market area have increased rapidly since 1926. In the states of Illi-
nois, Indiana, Wisconsin, Minnesota, Iowa and Missouri, consumption rose
from 2,925,000 barrels in 1926 to 25,282,000 in 1936. Similar increases in
consumption are shown in such important fuel consuming areas as New
England and the Middle Atlantic States of New York, New Jersey and
~
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,
iS H5aper has been Published since the Conference in Coal-Heat, vol. 3 2, no. 5,PP. 10-14, 1937.
[75]
76 DEVELOPMENTS IN OIL AND GAS
Table 1
—
Consumption of Heating Oils
(Thousands of barrels, 42 gallons each)
Year Gas oil and distillate fuel Range oil
1930 43.279
40,578
44,264
50,140
60,822
76.853
99,257
3,000
1931
1932
1933
1934
4,529
6,841
10,629
15,576
1935 21,526
1936 27,292
Pennsylvania. It is particularly significant that increase in fuel oil consump-
tion occurs almost exclusively in the commercial and domestic heating field,
whereas its use in manufacturing and transportation has remained practi-
cally constant. This is shown in table 2.
The upward trend of oil for heating purposes raises the question of
the extent to which it may compete further with coal, and this leads directly
into the nature of heating oil supply.
Heating oil for domestic use is obtained from the refinery fraction known
as gas oil and distillate fuel. This fraction has a distillation range higher
than kerosene and lower than the residual fuel oils. It may invade the
distillation range in which kerosene now occurs and on the heavy end, it
may include a portion of the fraction now included in residual oils. The
distribution of refined products in 1936 from crude oils run to stills was
as follows
:
Product Barrels Per cent
Gasoline 504,724,000 47.2
Kerosene 56,082,000 5.2
Gas oil and distillate fuels 125,650,000 11.8
Residual oils 285,688,000 26.7
Lubricants 30,811,000 2.9
Solid residues, still gas and losses 6.2
Total run to stills 1,068,134,000 100.
The fraction from which heating oils are obtained represents, under 1936
conditions, 11.8 per cent of the crude run to stills.
Increased production of gas oil and distillate fuel from which oils are
obtained has amply provided for a growing demand. This increase, since
1931, has been obtained both by increasing runs to stills and raising the per-
centage of crude oil refined into the gas oil and distillate fuel fraction. This
is shown in table 3, for the United States and for the Illinois-Indiana-
Kentucky refinery district.
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Table 2—Consumption of Fuel Oils in the United STATEsa
(Thousands of barrels)
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Year
1930
1931
1932
1933
1934
1935.
1936,
Total
376,361
329,137
301,570
308,347
330,321
365,985
408,991
For domestic
heating
43,279
40,578
44,264
50,140
60,822
76,853
99,257
For other use
324,082
288,559
257,306
258,207
269,499
289,131
309,734
a Mineral Market Reports, No. M. M. S. 600, U. S. Bureau of Mines, Oct. 26, 1937.
Used for
domestic heating
(Per cent)
11.8
12.3
14.7
16.2
18.4
21.0
24.2
Table 3—Production of Gas Oil and Distillate Fuels, 1931-1937
(Thousands of barrels)
a Six months.
United States Illinois-Indiana-Kentucky area
Year
Crude run
to stills Fuel yield
Per
cent
Crude run
to stills Fuel yield
Per
cent
1931 834,608
819,997
861,251
895,636
965,785
1,068,134
566,911
83,822
69,467
78,920
94,972
100,381
125,650
68,450
9.4
8.5
9.2
10.6
10.4
11.8
12.1
v36Z
1933 106,758
117,073
119,166
129,798
147,724
8,008
8,991
11,593
11,867
16,124
7.5
1934 7.7
1935 9.7
1936
1937a
9.1
10.9
1
The growth of all heating is also shown by the rate of sales of new
burners. Data are available for the years 1934 to 1937, as indicated in table 4.
Table 4—Oil Burners Shipped in the United States, 1934-1937
Year Number
JjSJ 96,633
JS5 134,649
fSS 192,274iyd7 187,478
Another indication of the growing domestic oil market, in addition to oil
sales and burner shipments, is the total number of burner installations, by
years. These are approximately as shown in the table on page 144a
.
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Year Installations Year Installations
1926 240,000
325,000
425,000
540,000
670,000
760,000
1932 840,000
1927 1933
1934
1935
1936
920,000
1928 1,010,000
1929 1,150,000
1930 1,345,000
1931
a Lamp, June, 1937.
Consumption of oil for heating purposes now is about equal to one-
fourth of oil consumption as a motor fuel. The heating oil fraction of crude
has become a cash crop of the oil industry next in importance to gasoline.
It is desirable, therefore, that the supply and market characteristics of this
product of the oil refining industry be subjected to examination.
The Nature of the Market.—The demand for heating oils is more highly
seasonal than other major refined oil products
—
gasoline and residual fuel oil.
There appears to be a close correlation between outside temperature condi-
tions and domestic fuel consumption. An actual test of fuel consumption
(natural gas in this case) and monthly variations in temperature was made
by the Peoples Gas Light and Coke Company in Chicago. Table 5 and figure
25 show the per cent of total degree-days for the heating season from
September to June and also the per cent of fuel consumed. The close cor-
relation between the two is apparent.
Table 5
—
Compaeison of Actual Consumption (Per cent) to Number of Degree-days
(Per cent) by Months for a Heating Season, on One Installation
Month Degree days
Per cent of
season's
degree days
Actual
consumption
(Cu. ft.)
Per cent of
season's
consumption
September
October
November
December
January
Februarys
March
April
85
343
900
1,059
891
1,144
878
558
200
20
1.4
5.7
14.8
17.4
14.7
18.8
14.4
9.2
3.3
.3
2,900
17,000
43,500
49,000
44,100
54,200
40,900
25,800
8,600
400
1.0
5.95
15.2
17.1
15.4
18.9
14.3
9.0
May 3.0
June .15
Total 6,078 286,400
a February was unusually cold during the season figured above.
The hypothetical demand for 11,505,000 barrels of heating oil con-
sume J in Illinois in 1936, using the average degree-day distribution for the
city of Chicago would be as shown in table 6.
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The actual demand for fuel oil will be modified, from the above hypo-
thetical demand by purchases made before the heating season begins, summer
purchases by those householders who have large storage tanks in their
houses, and by commercial users.
The apparent monthly demand upon the output of refineries in the
Illinois-Indiana-Kentucky refinery district is shown in table 7. The effect of
severe winter weather in January and February of 1936 is shown by the high
demands in these months and the near depletion of stocks. Consumption
in these months exceeded those of January and February in 1937, although
presumably there were more oil burners in operation in the latter year. High
output of crude oil and heavy runs to stills enabled the refineries to build
up stocks so that supply for the heating season of 1937-38 appears to be
ample.
Table 6—Monthly Distribution of the Heating Season in Chicago Band on
Degree-day Below 65°
Month
Average
temperature
(—65°F)
Degree-days
Per cent of
season's
degree-days
Hypothetical
fuel oil
consumption
(Barrels)
September
October 11
25
36
41
39
29
18
8
341
750
1,116
1,271
1,092
899
540
248
5.45
12.00
17.83
20.31
17.45
14.35
8.63
3.96
November 627,000
December 1,379,000
January 2,050,000
February 2,335,000
March 2,007,000
April 1,659,000
May 992,000
June 456,000
Total 1 6,257 11,505,000
1
Demand and Price.—Prices of domestic heating oils fall somewhere
between 6% to 7% cents per gallon, depending upon location, season of the
year and quantity purchased. The coal price equivalent of an average oil
price of 7 cents, assuming for the time being, equal deficiencies in combustion,
varies from $11.50 per ton for 10,000 B.t.u. coal to $14.00 for 12,500 B.t.u.
coal. 1 If a higher efficiency is assumed for oil, the coal cost equivalent would
be correspondingly less. Heating oils, at present prices, therefore appear to
fall in a class of higher than average priced domestic coal. The rate of oil
burner installation indicates that this price level does not have an adverse
effect upon the use of oil for heating houses nor has it curtailed the sale of
new burner installations. The consumer is willing to pay a fairly high price
1 After table by C. V. Beck, and published by Coal Heat.
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for the convenience afforded by oil heat. The position may change, how-
ever, if prices of heating oil should rise substantially.
A record of heating oil costs in a new six-room, two-story frame dwelling
in Urbana, Illinois, for five years—1932-33 to 1936-37—shows a consumption
of 5,860 gallons at a cost of $402.79, or an average consumption of 1,172
gallons per year and an average annual cost of $80.56.
2
It may be of interest to calculate the cost of heating this home with
assumed higher prices for oil.
2 Data by lessee.
Table 7
—
Gas Oil and Fuel Distillate
(Thousands of barrels)
Year—Month Production Stocks
Change in
stocks
Apparent
consumption
1935—
January 1,148
813
1,132
735
945
944
1,043
794
879
1,131
1,098
1,205
1,334
1,699
1,270
1,159
1,355
1,249
1,198
1,317
1,315
1,449
1,353
1,476
1,514
1,344
1,319
1,309
1,351
1,349
1,408
1,432
1,444
1,522
1,300
1,741
2,770
2,012
2,258
2,062
2,163
2,510
3,014
2,937
2,696
2,578
2,367
1,776
1,148
907
1,075
1,074
1,548
2,100
2,650
3,052
3,205
3,165
2,962
2,508
2,217
2,000
1,698
1,771
2,147
2,643
3,214
3,669
3,733
3,628
2,995
2,538
—508
—250
+246
—256
+101
+347
+504
— 77
—241
—118
—211
—591
—628
—241
+ 168
— 1
+474
+552
+550
+402
+153
— 40
—203
—454
—391
—217
—302
+ 73
+376
+496
+571
+455
+ 64
—105
—633
—457
1,656
February
March
1,063
886
April 991
May 844
June 597
July 539
August 871
September
October
1,120
1,249
November
December
1936—
January
1,309
1,796
1,962
February
March
1,940
1,102
April 1,160
May 881
June 697
July 648
August 915
September
October
1,162
1,489
November
December
1937—
January
1,556
1,930
1,805
February
March
1,561
1,621
April 1,236
May 975
June. 854
July 837
August 977
September
October. . .
.
1,380
1,627
November
December
1,933
2,198
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Table 8—Cost of Heating a Home Assuming Higher Oil Prices
Gallons of oil used Cost, cents(Per gallon)
Total cost
(5 years) Average annual cost
1172 (5 year average)
5,860 6.88a
8.00b
9.00b
10.00b
$402. 79a
468.80
527.40
586.00
$ 80.56a
93.35
105.48
117.20
5,860
5,860
5,860
b Assumed prices.
A similar type of house, also of frame construction equipped with a
hand-fired coal furnace, used 8 tons of coal of about 14,000 B.t.u. and
average cost of $65.00 per year for the two-year period.
For these cases, at least, the cost of heating oil was about 25 per cent
above that of a high rank coal. We shall not attempt to forecast the point of
price difference where householders will prefer coal to oil. It would vary
with the individual. In those communities served by natural gas, a pro-
nounced rise in price of fuel oil will bring about increased competition from
gas as well as from coal.
Now, with respect to possible price changes of these three fuels, it
depends upon relation of demand to available supply. A shortage of coal
need not be anticipated. Present facilities are more than adequate to supply
current needs and reserves are ample. The question of petroleum supply
appears to be more critical. Estimates of natural gas supply are less well
established than those of coal^ but the immediate outlook seems to point to
an adequate supply for at least 20 years.
Table 9—Trends in Production, Consumption, and Stocks of Crude Petroleum and
Refined Products, 1932-1936
(Millions of barrels)
Production 1932 1936 Change
(Per cent)
Crude oil output 785.2
820.0
373.9
301.6
339.9
51.1
14.3
116.4
1.098.5
1,068.1
479.7
408.9
288.1
56.4
19.9
84.2
+40
+30
+28
+35
—15
+ 10
+39
—28
Crude run to stills
Consumption—
•
Gasoline
Fuel oil
Stocks
—
Crude oil
Gasoline
Gas oil and distillate fuel
Residual fuel oil
(Total refined products) 181.8
44.3
418.2
160.5
90.0
569.7
—11
+ 100
+36
Heating oil consumption
Combined consumption of gasoline and heating oil
. .
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OIL AND GAS
Supply.—In considering the question of supplying the
increasing
demand for heating oils together with meeting also a sustained
or increasing
demand for gasoline, we are compelled to consider the adequacy
of annual
supply at existing price levels or at least not
much higher than existing price
levels" The record over the past few years shows that a
growing heating oil
demand has been met by increasing the gas oil and distillate
fuel fraction
and also by an increased crude run to stills since 1932.
Table 9 has been prepared to show the trend of production,
consumption,
and change in stocks of crude oil and its principal
products from 1932 to
1936. During this period the use of oil for domestic and
commercial heating
doubled in quantity.
An examination of this table shows that increased
production of
petroleum has kept pace with increased demand for gasoline,
but that
heating oil consumption has risen more rapidly. This
is reflected m a
decrease of crude oil stocks of 15 per cent. The total stocks
of refined
products have dropped also, although gasoline and gas oil stocks
show au
increase, but not out of keeping with increased demand.
Increased consumption of the two major cash crops of the oil industry
—gasoline and heating oils—in this period was 36 per cent.
'
The more than proportional increased demand in heating
oil has been
supplied from 1932 to 1936, by drawing from the lighter
portions of the
residual 'fuel oil stock. In spite of this reserve
source, the severe winter
weather caused a heavy drain upon stocks of the gas
oil and distillate fuel
fraction In the Illinois-Indiana-Kentucky refinery
district, for example,
stocks in the hands of refiners in February, 1936,
fell to 907,000 barrels
while apparent consumption for that month was 1,940,000
barrels The i
heavy increase in runs to stills in 1936 and 1937
served to replenish the j
supply so that there were ample stocks in 1936-37
and the industry is enter- ;
ing the heating season of 1937-38 with ample
but not excessive stocks;
on hand. This is accounted for by the event of
a considerably milder winter
in 1936-37 and an increased run to stills. The
present fairly ample supply
is accounted for by an increased run to stills of
10.5 per cent in the- firs
7 months of 1937 over 1936. The change in stocks of
crude oil and principal
refined products since December 31, 1936, in millions of
barrels is as follows:
Change
December 31, 1936 July 31, 1937 (Per cent)
Crude petroleum 288.1
308.7 +30.6
Gasoline y"X o' a 4-9*3 6
Gas oil and distillate fuel 19.9 g-g
-r-a.o
Residual fuel oil 84.1
84.2
From the above data, the record for 1937 would
appear to be one of
overproduction. As a matter of fact, this must be
accepted somewhat with
qualifications.
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It is probably desirable to reduce crude stocks somewhat below the level
of 309 million barrels. The gasoline figure also seems unnecessarily high
at a date when seasonal consumption is declining. With regard to heating
oils as represented by the gas oil and distillate fuel fraction, there appears to
be no excess in comparison with previous years and also in comparison with
estimated demand. Stocks on hand July 31, 1937, and two previous years,
and estimated consumption of heating oil for the calendar year is as follows
:
Stocks on hand Consumption
Date (Thousands of barrels) (Thousands of barrels)
July 31, 1935 22,915 76,853
July 31 , 1936 24,814 99 257
July 31, 1937 23,637 115,000
Under present conditions, therefore, the country will enter the 1937-38
heating season with sufficient but not excessive supplies of heating oils. If
heating oils demand continues to increase, however, two problems arise which
must be considered by the oil industry, namely:
(1) The adjustment of refinery runs to prevent an excessive
seasonal accumulation of gasoline and heating oil stocks.
(2) The question of an adequate annual supply of crude oil
to meet the expected increase in demand of gasoline and heating
oils. This problem may be several years in making its appear-
ance, but eventually it will affect supply and price of heating oils.
A substantial increase in demand of heating oils, if such occurs, must be pro-
vided by the following means, each of which will be analyzed
:
(1) Diversion of gasoline cracking stock into heating oil
market and increased runs to stills.
(2) Further conversion of residual fuel oils into heating oils.
(3) An increase of petroleum output.
Considering the first source of heating oils, i.e., the diversion of gasoline
cracking stock into the heating oil market, this is possible only under over-
stocked conditions such as appeared in 1937. Furthermore, this must be
combined with the economic advantage, or necessity of preventing too large
seasonal accumulation of stocks. Figure 23 will aid in clarifying this point.
This figure shows the seasonal trend of gasoline and gas oil stocks for 1935
and 1936.
As long as the demand for heating oil increases faster than the demand
for gasoline, under present refining practices, the seasonal accumulation of
stocks will become more pronounced each year and with it a temptation to
break prices. The seasonal fluctuation in demand for heating oils as com-
pared with, residual fuel oils is also shown in Figures 22 and 24. As long as
the heating oil demand was a minor factor in the market, this was not
serious, but now that it has risen to 20 per cent of the gasoline demand and
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promises to go higher this becomes serious. The alternative to this condition
is to vary refinery runs seasonally so as to reduce percentage of gasoline
output in the winter season and to increase heating oils output correspond-
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Figure 22.—Stocks and indicated consumption of gas oil and distillate fuel in
1936, in the refining district of the Central West.
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ingly. This can be obtained from stock which is now cracked into gasolineLet us repeat this is feasible only when runs to stills are so large that an
unwieldy surplus of immediately available gasoline is being produced. If the
seasonal stock gasoline supply is not excessive and can be sold at a profit
over holding costs in the following summer, the refiner must then choosebetween the alternative of carrying storage cost on gasoline that can ulti-
mately be sold, or immediately disposing of an uncracked portion for heating
oils at a lower per gallon cost. In other words, is cracking stock plus cracking cost plus holding costs more profitable with gasoline at 5 cents thanimmediate sale of the product as heating oil at 3% cents?
The utilization of cracking stock for heating oil purposes is conditional
upon a supply of crude ample for both gasoline and heating oil markets
This immediately raises two questions: How much oil will be needed for
olToutputt
m fte neM fUtUre
'
and What Me the pr°Speets of future
Consumption in the Immediate Future—There is submitted herewith a
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Figuee 23.—Stocks of gasoline, gas oil, and distillate fuel in 1935 and 1936.
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This is not intended to be an elaborate forecast of the
demand for these
two refined products in the next five years.
Too many things can happen
in such a space of time to alter trends substantially.
Since 1931, gasoline
consumption has increased an average of 4 per cent annually.
For the next
five years an average annual increase of 2 per cent
is assumed. Heating oils
have increased an average of 22 per cent since
1931. An average annual
increase of 10 per cent is assumed for the next five years.
Such a tentative
schedule is believed to be conservative and provides us, at
least, with a
tentative basis of calculating crude requirements.
This rises from 1,170
million barrels in 1937 to 1,340 million barrels in 1941
(or about 3,700,000
barrels per day), assuming the same ratio of refined products
to crude runs
as today. This requires an increase of petroleum output
of 10 per cent at
the end of five years, not a very large order in terms of
what has been done
in the past.
Table 10—Anticipated Consumption of Gasoline and Heating Oils
(Millions of barrels)
Year
Gasoline
consumption
Heating oil
consumption
Total demand
Crude
requirements
1937 520
530
540
550
560
105
116
127
140
154
625
646
667
690
1,170
1,210
1,250
1,300
1938
1939
1940
1941
714 ! l,&±v
This is, however, entirely speculative. Oil burner installation
may in-
crease at a more rapid pace or again it may not. Much depends upon price
j
and this hinges upon the relation of annual supply to current demand.
Whether demand rises to a conservative level of 3,700,000 barrels per ;
day or exceeds that and reaches as much as 4,000,000 barrels per day,
the
)
crucial question is that of the ability of the oil industry to find a
billion and
a quarter barrels of oil each year to replenish the annual withdrawals
from
,
the known reserve. In this connection, the analysis by W. E. Pratt of the
Standard Oil Company of New Jersey, of the discovery rates in oil finding is
illuminating. The data, as presented by Pratt, is summarized in table 11.
Of particular significance is the high discovery rate, both of
total esti-
mated reserve and number of pools in the period from 1926 to 1930 and
the
sharp decline in the five-year period thereafter. Secondly, it
should be noticed
that from 1931 to 1935 (and this holds true for 1936 also) the rate
of dis-
covery has fallen below production.
The known petroleum reserve is now estimated at 13 billion
barrels.
This may be called a working balance. Each year new discoveries
add t
this reserve and annual withdrawals subtract from it. The net balance
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Table 11—Discovert Rates in Oil Finding
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Year
Average
annual
production
(Millions
Average
annual
discoveries
}f barrels)
Number of
major fields
discovered
Ratio of
production
to discovery
1901-1905 101
173
248
362
648
896
889
345
300
435
660
875
2,165
725
10
5
18
23
40
59
41
1906-1910 3.4
1911-1915 1.7
1916-1920 1.8
1921-1925 1.8
1926-1930 1.4
1931-1935.... 2.5
0.8
Total 196
constantly varying. If the 1931-35 rate of production and discovery of
petroleum is maintained this working balance would decline slowly and be
extended 50 years or more. This is merely speculative. Of immediate in-
terest is the relation of this working balance to possible sustained production.
While the 13 billion appears to be a large and unwieldy balance, the point of
interest is not the size of the total balance but the annual availability of that
balance. To quote Mr. Pratt: 3
"If oil is to be produced efficiently, that is, if recovery is to be rea-
sonably complete and unit cost low, it must be produced at a rate slower
than in the past. The optimum rate of production for a given pool
depends, among other factors, on the size of the reserve. The rate of
production necessary to meet our national needs has risen until our
present reserves are hardly large enough to permit efficient production
at the required rate. This fact is coming to be recognized despite our
current ability to produce, temporarily, in excess of market demand.
We need all of our present reserve, or more, to permit efficient production
at our present rate of consumption."
i
If Mr. Pratt's conclusions are correct, the danger point of efficient, low-cost
(productions is approaching and one of two things must occur: (1) A rateW production higher than the economic rate of recovery with the effect of
hastening the depletion of low-cost oil reserves and setting forward the date
I
of higher prices; or (2) production at a lower level with a consequent
shortage of oil for the present type of market demand.
Now it is necessary to explain carefully the meaning of the term
"shortage- and the effect upon the oil market. There will result no severe
jiislocation of the oil market or of those industrial enterprises using oil as
pel A slight decline of production below present level of consumption
Vol. 21^"' 697-705
D
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Figure 24.—Stocks and indicated consumption of residual fuel oil in 1936,
in the refining district of the Central West.
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at this stage merely means that oil sold as dump fuel or, in competition
with coal, will be withdrawn from these uses with little difficulty and
diverted to preferred oil markets. There will need to be a higher recovery
of gasoline to maintain motor fuel demand, either through more cracking,
polymerization or, eventually, even hydrogenation of heavy residual oils. But
this condition, when it arrives, will be accompanied by higher prices of gaso-
line and gasoline-making stock. The motor fuel market will absorb some of
the product now going into heating oils and a price rise in the latter
will follow.
Figure 25.—A degree-day map of the Illinois coal market area.
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We have not mentioned, in this connection, the possible effect of expan-
sion in the use of Diesel engines. Data on the amount of oil used by Diesel
installations is meagre and we do not know that it is a significant factor in
the total energy market. It is probable that the Diesel engine can stand a
higher price level than the domestic fuel market and to the extent that the
Diesel installations become a factor in the oil market, the competition among
oil users will become stronger.
CONCLUSION
The oil industry may, by 1941, be geared up to supply between 152 to
180 million barrels of heating oil to householders, as compared with about
100 million barrels in 1936. In the meantime gasoline demand will also have
risen and a substantial change in the character of the oil market is to be
expected. A pronounced rise in price, if it occurs, will result in the reversion
to coal of certain fuel consumers now using oil.
The first to change will be the manufacturing industries. This will
affect mainly the heavy residual oils. This group would be followed by public
utilities, and where local supplies are available, by oil refineries and rail-
roads. Domestic heating use will tend to change more slowly. The house-
holder is not as likely to scrap equipment as readily as a manufacturer or a
railroad.
For the oil industry, a rise in price of heating oils will not become
critical unless oil burner installation proceeds so rapidly that a serious unbal-
ance between demand and supply occurs. The ensuing price rise that would
result would have the effect of bringing about a considerable reversion to
other types of fuel and bring demand for heating oils below the point that
the industry is equipped and prepared to supply.
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